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2. Statement 
 
I have written this thesis independently, without the help of others. The content of this 
thesis is mainly based on experiments I performed by myself, but also includes data 
which we published and which where done in close collaboration with other labs. Part 7.1 
and 7.2 have been published recently (Ahmed et al., 2001; Alpi et al., 2003). For Part 7.1 
slight modifications were made (were updates were available) and very recent 
experiments performed by myself were included. Content of Part 7.3 is based on 
experiments done in collaboration with Chantal Wicky and Fritz Müller, University 
Fribourg, Switzerland. I performed all of the immunofluorescence studies and the DNA 
damage assays. Part 5 contains sections that have been published in Gartner A, Alpi A, 
Schumacher B, “Programmed cell death in C. elegans” in Genetics of Apoptosis, Grimm 
S (ed.), BIOS Scientific Publishers Limited, 2003, 155-175. 
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3. Abstract 
 
The germ line of the nematode C. elegans has been successfully used as a model system 
to study the cellular responses to genotoxic stress. Genotoxic stress induces DNA damage 
checkpoint signals that trigger mitotic germ cells to transiently halt cell cycle progression 
and that elicit apoptosis of meiotic germ cells. 
As part of previous genetic studies on DNA damage response pathways in C. 
elegans, two allelic mutants rad-5 and clk-2 had been isolated. These mutantes are 
severely defective in radiation induced cell death and cell cycle arrest. rad-5/clk-2 maps 
to a chromosome location where no obvious C. elegans homologue of a known 
checkpoint gene had been identified. We identified the corresponding rad-5/clk-2 
checkpoint gene by positional cloning. rad-5/clk-2 is a novel, evolutionary conserved 
DNA damage checkpoint gene. The S. cerevisiae homologue RAD-5/CLK-2, Tel2p, is 
implicated in telomere length regulation. However, no significant alteration of telomeric 
length was observed in rad-5/clk-2 mutants. Based on double mutant analysis we could 
show that rad-5/clk-2 acts in a genetic pathway that is distinct from S. pombe rad-
1/C.e.mrt-2/S. pombe hus-1/C.e.hus-1 pathway. Furthermore, rad-5/clk-2 is essential for 
early embryonic survival. We aimed to analyse the terminal phenotype of rad-5/clk-2 
temperature sensitive embryos shifted to the restrictive temperature and observed 
embryonic lethality as a consequence of a distinct lineage defect during early 
embryogenesis. In addition, rad-5/clk-2 loss of function led to an accumulation of RAD-
51 foci, which mark sites of double stranded breaks in germ cell nuclei. This elevated 
number of DSB is indicative for genome instability. Taken together, rad-5/clk-2 
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represents a novel DNA damage checkpoint gene with an additional function for early 
embryogenesis. 
As part of the second focus of my thesis we aimed to better understand the 
Bloom´s syndrome gene and therefore analysed the C. elegans orthologue of the him-
6/blm. Bloom’s syndrome is an autosomal recessive human disorder associated with loss 
of genome integrity. Mutations in him-6/blm resulted in enhanced radiation sensitivity 
and partially defective DNA damage checkpoints. Double and triple mutant analysis 
revealed that, in contrast to the situation in yeast, him-6/blm acts redundantly with 
topoisomerase IIIα and downstream of rad-51 to maintain genome integrity in 
mitotically proliferating germ cells. 
Furthermore, in the third part of my thesis we used the C. elegans germ line for 
the combined genetic and cytological analysis of the meiotic prophase, which includes 
the various stages of pairing of homologous chromosomes and meiotic recombination. 
We investigated the correlation and interdependence of homologous recombination and 
the various stages of chromosome pairing during meiosis. We could show that 
homologous pairing and the formation of the synaptonemal complex (SC, which is a 
proteinaceous complex that holds meiotic chromosomes in tight association) is 
independent of the recombination protein RAD-51. Furthermore, we could show that the 
formation of RAD-51 foci is dependent on the initial presynaptic alignment of meiotic 
chromosomes, whereas the proper removal of RAD-51 foci is dependent on the formation 
of the SC. 
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4. List of Abbreviations 
 
C. elegans: Caenorhabditis elegans 
ced: cell death abnormal 
egl: egg lying defective 
mrt: mortal germ line 
hus: hydroxyurea sensitive 
rad: radiation sensitive 
him: high incidence of males 
clk: clock 
gro: growth defective 
top. topo-isomerase 
chk: checkpoint kinase 
mre: meiotic recombination defective 
RNAi: RNA interference 
gf: gain of function 
lf: loss of function 
DSB: double strand break 
HR: homologous recombination repair 
NHEJ: non-homologous end joining 
Gy: Gray 
HU: hydroxyurea 
MBP: maltose binding protein 
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GST: gluthathion S transferase 
SC: synaptonemal complex 
IR: ionising radiation 
NLS: nuclear localisation sequence 
DAPI: 4´,6-diamidino-2-phenylindole 
FISH: fluorescence in situ hybridisation 
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5. Introduction 
 
5.1 DNA damage response pathways 
 
Several mechanisms have evolved to maintain genome stability during cell cycle 
progression (for review see (van Gent et al., 2001; Zhou and Elledge, 2000; Osborn et al., 
2002)). One of the key processes in the cell cycle is the transmission of genetic 
information to the daughter cells. The accurate transmission of genetic information relies 
mainly on the high fidelity of DNA replication, and the precise separation and equal 
distribution of chromosomes to the daughter cells. Besides that, cells have to deal with a 
wide variety of spontaneous DNA damage (for instance caused by reactive oxidative 
species) and induced DNA damage (by exposure with UV and ionising irradiation, and 
genotoxic compounds). To achieve this high fidelity of transmitting genetic information, 
cells have evolved a complex regulatory network of so called DNA damage checkpoint 
pathways, which are activated in the presence of DNA lesions as they may occur during 
DNA replication. The presence of a DNA lesion has to be recognized by a sensor, which 
transmits a signal via a network of signal transduction pathways to a series of down-
stream effectors molecules. Dependent on the origin of the DNA lesion, the cell type and 
the cell cycle stage, where the damage occurs, cells can respond to DNA lesions in 
different ways: (1) they trigger DNA repair to remove the damage (2) they transiently 
halt cell cycle progression or (3) if the damage is irreversible they induce cell death 
which leads to the removal of the harmed cell. Inherited or acquired deficiencies in DNA 
damage checkpoint pathways lead to genomic instability, which contributes significantly 
to the onset and progression of cancer. 
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DNA damage checkpoint pathways can be described as signal transduction 
pathways (or as a network of interacting pathways) consisting of sensors, transducers and 
effectors. Currently it is not exactly clear how DNA damage can be sensed. However a 
group of four conserved proteins are potential candidates for DNA damage sensors 
because they interact with DNA and they are essential for the activation of the DNA 
damage response pathways (reviewed in (O'Connell et al., 2000). In S. pombe three of 
them, Rad9, Hus1, and Rad1 form a heterotrimeric complex (9-1-1 complex) that shares 
homology with the sliding clamp protein proliferating cell nuclear antigen (PCNA). 
PCNA forms a ring wide enough to slide over double stranded DNA. In analogy to 
PCNA, it has been suggested that the 9-1-1 complex slides over DNA and continuously 
scans the genome for DNA damage (Figure 0-1). The fourth conserved checkpoint 
component is Rad17 (again using S. pombe nomenclature), which shares homology with 
subunits of the replication factor C (RFC). Rad17 acts upstream of the 9-1-1 complex and 
is thought to mediate the loading of the 1-1-9 complex onto DNA as it has been proposed 
for RFC that assembles PCNA on DNA (Figure 0-1). In addition, a repair complex is 
implicated in the sensing and signalling of DNA lesions. In S. pombe the repair complex 
Mre11-Rad50-Xrc2 (Human MRE11-RAD50-NBS1) is tethered to DNA ends of double 
strand breaks (Figure 0-1). 
As part of an early DNA damage response two members of the large 
phosphatidylinositol-3-OH kinase family (PI3-K), S. pombe Rad3/hATR and S. pombe 
Tel1/hATM, are activated and recruited to sites of DNA damage (Figure 0-1). These 
DNA damage checkpoint kinase are thought to be the primary transducers of the DNA 
damage signal (reviewed in (Abraham, 2001)). In the presence of DNA damage PI3-K 
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are activated and trigger a signal transduction pathway by the phosphorylation of multiple 
DNA repair and DNA damage checkpoint proteins. Among these are the “downstream” 
protein kinases Cds1/hCHK2 and Chk1/hCHK1 (S pombe/human nomenclature) that 
 
 
Figure 0-1 A schematic representation of the pathway in S. pombe and mammalian cells. See text for 
details. 
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influence cell cycle progression differently dependent on the point in the cell cycle where 
the damage occurs (Matsuoka et al., 1998; Brown et al., 1999; Chaturvedi et al., 1999). 
Cell cycle delay in response to DNA damage is mainly regulated by the maintenance of 
the inhibitory phosphorylation of Cdk kinases. Cdks have to be dephosphorylated by the 
phosphatase Cdc25 to be active and to trigger cell cycle progression (Nurse, 1997; 
Morgan, 1995). Upon DNA damage Cdc25 become inactivated. This inactivation is in 
part mediated by a Cds1/CHK2 and Chk1/CHK1 dependent phosphorylation of Cdc25 
and its subsequent binding to 14-3-3 that lead to the retension of Cdc25 in the cytoplasm 
(Peng et al., 1997; Dalal et al., 1999; Yang et al., 1999). Beside a Cdc25 dependent cell 
cycle progression delay, mammalian cells induce a prolonged G1 arrest by the activity of 
the tumour suppressor protein p53 (Levine, 1997; Wahl et al., 1997). p53 is a sequence 
specific transcriptional regulator and induces the transcription of a variety of genes that 
are involved in cell cycle progression and apoptosis (Gottifredi et al., 2000). The 
transcriptional activity of p53 is mainly regulated by its turn over rate (reviewed in 
(Vogelstein et al., 2000; Kastan et al., 1991)). The ring-finger ubiquitin ligase MDM2 is 
one of the key regulators of p53 stability (Chen et al., 1994). MDM2 mediated 
polyubiquitination of p53 is required for the proteasome-dependent degradation of p53. 
In the presence of DNA damage p53 degradation is controlled by ATM/CHK2 dependent 
mechanisms that regulate the ability of MDM2 to bind to p53, and by mechanisms that 
regulate the ubiquitin ligase function of MDM2 (Maya et al., 2001). In addition, ATM 
phosphorylates p53 on Ser15 that interferes with MDM2 binding. Moreover, ATM 
activates CHK2 by phosphorylation (Matsuoka et al., 1998). Activated CHK2 in turn 
phosphorylates Ser20 on p53, which is within the MDM2 binding domain and therefore 
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directly interferes with MDM2/p53 association (Hirao et al., 2000). DNA damage 
checkpoint activation induces increased p53 stability that leads to a transcriptional 
upregulation of cell cycle progression inhibitors (e.g. p21) that act by inhibiting Cdk 
kinase activity. Beside the regulation of cell cycle progression, p53 is involved in the 
apoptotic response and induces the transcription of a variety of pro-apoptotic genes such 
as: BH3 only domain proteins like PUMA, and Noxa and the multidomain cell death 
trigger Bax (Rich et al., 2000; Yu et al., 2001). 
Response to DNA damage is not limited to cell cycle delay or apoptosis, but 
further involves control of DNA repair. Most DNA repair pathways are constitutively 
active, but a number of regulatory connections between DNA damage response pathways 
and DNA repair have been described (reviewed in (Lee and Kim, 2002; D'Amours and 
Jackson, 2002b; Venkitaraman, 2002; Bartek et al., 2001). For example, the p48 gene, 
which is involved in nucleotide excision repair, is transcriptionally upregulated by p53 
(Hwang et al., 1999). Another example of regulation of DNA repair comes from studies 
of the Nijmegen breakage syndrome gene (NBS). The NBS1 protein forms a complex 
with hMRE11 and hRAD50 (see above), that is implicated in both DNA double strand 
break repair pathways; non homologous end joining (NHEJ) and homologous 
recombination (HR) (Carney et al., 1998). ATM can directly phosphorylate NBS1 and 
phosphorylation is needed for its function within the repair hMRE11/hRAD50 complex 
(Gatei et al., 2000; Lim et al., 2000; Zhao et al., 2000). In addition, ATM and the 
NBS1/MRE11/RAD50 complex have been found in a large protein complex BASC that 
also contains the breast cancer susceptibility protein BRCA1 (Wang et al., 2000). Like 
NBS1, BRCA1 is a substrate for ATM dependent phosphorylation and it is required for 
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DNA double strand break repair (Moynahan et al., 1999). Taken together, DNA damage 
activates complex signal transduction pathways that trigger cell cycle delay, apoptosis, 
and DNA repair. 
 
5.2 Why using C. elegans for studying DNA damage response? 
 
Our present knowledge about DNA damage checkpoint pathways originates to a large 
extent from the genetic analysis of the unicellular model organisms S. cerevisiae and S. 
pombe (reviewed in (Weiss et al., 2000; Caspari et al., 2000b; Weinert et al., 2000; Rhind 
et al., 2000). Upon DNA damage, yeast cells respond with cell cycle arrest and repair of 
the DNA lesion. In metazoan animals DNA damage can lead to the induction of 
programmed cell death. 
During the past years our knowledge about DNA damage induced apoptosis has 
been based on studies with human cell lines derived from patients with hereditary 
diseases effecting genomic stability (e.g.:Ataxia telangiectasia, Blooms syndrome, Li-
Fraumeni syndrome, Xeroderma pigmentosum) (van Gent et al., 2001). In addition, 
mouse and chicken DT-40 knockout cell lines have further expanded our knowledge of 
DNA repair and checkpoint function in higher eukaryotes. However, the limited 
availability of genetic techniques to study these cell lines makes a more detailed genetic 
analysis that focuses on the interplay between different DNA damage responses hard to 
address. The availability of a suitable genetic model system might be very useful to 
dissect these various pathways and to identify their components. The nematode 
Caenorhabditis elegans is a powerful genetic system for the isolation and identification 
of novel genes by forward genetic screens. In particular, C. elegans was successfully used 
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to elucidate the genetics of the core apoptotic pathway (Hengartner and Horvitz, 1994b; 
Horvitz et al., 1994; Liu and Hengartner, 1999). Recently, it has been shown by my thesis 
advisor Anton Gartner that DNA damage induced checkpoint pathways can be studied in 
C. elegans (Gartner et al., 2000; Hofmann et al., 2000). The aim of my PhD thesis was to 
expand these studies, and to continue to use C. elegans as a model system for DNA 
damage induced cell death. 
 
5.3 The C. elegans germ line 
 
The DNA damage response in C. elegans is restricted to the female germ line which is 
the only proliferating tissue in the adult animal (Gartner et al., 2000). Therefore, the 
anatomy and cellular features of the hermaphrodite germ line will be described in more 
detail (see Figure 0-2). The germ line consists of two U-shaped tubes, which are 
channelled in a common uterus. All the mitotic and the early meiotic germ cells are in a 
syncytium, which is partially enclosed by a plasma membrane, but joined together by a 
common cytoplasmic core (Hall et al., 1999; Seydoux and Schedl, 2001). The distal tip 
cell (DTC) caps the distal-most end of the gonad arm and induces germ cells to 
proliferate mitotically (Berry et al., 1997). Germ cells move further proximally and out of 
the Notch signalling gradient that represses entry into meiosis. This section of the gonad 
is called the transition zone (TZ). In the TZ germ cells enter meiosis and their nuclei can 
be recognized as dense half-moon shaped chromatin structures after staining with the 
DNA dye 4´,6-diamidino-2-phenylindole (DAPI) (Seydoux and Schedl, 2001; Zetka and 
Rose, 1995a). Germ cell nuclei are preceding their proximal migration and go through all 
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stages of meiotic prophase. At the bend of the gonad mainly late pachytene nuclei are 
found (Seydoux and Schedl, 2001). Right after the bend oogenesis occurs which is 
characterized by a marked increase of the cell volume and the complete cellularisation. 
Mature oozytes arrest at diakinesis until they become fertilized when they slip through 
the spermateca. 
 
 
Figure 0-2 The C. elegans germ line: The gonad is organised in two U-shaped tubes, which are 
channelled in a common uterus. In the left gonad arm the different germ cell compartments are indicated. 
The localization of DNA damage induced responses is illustrated in the right gonad arm. Cell cycle arrest, 
which is indicated by enlarged germ cells, can be observed in the mitotic zone. The apoptotic response can 
be monitored near the gonad bend region where cell corpses appear as dense disk like structures. 
 
Gumienny et al. first observed that programmed cell death in C. elegans occurs not only 
as part of invariant somatic development but also in the female germ line of the 
hermaphrodite worms (Gumienny et al., 1999). Using Nomarski optics, a steady state 
level of zero to four apoptotic cells can be observed in the bend region (germ cells in late 
pachytene, Figure 0-2) of the gonad arm (Gumienny et al., 1999). Germ cell death seems 
to be correlated with age as the number of cell corpse increases with the age of the worm. 
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As a consequence, under normal growth conditions about 50% of female germ cells 
(approximately 300 germ cells in total) are fated to die by programmed cell death. These 
apoptotic deaths are termed “physiological germ cell deaths” (Gumienny et al., 1999). 
The physiological function of this germ cell death is still elusive but a role in maintaining 
tissue homeostasis has been suggested. 
 
5.4 Genetic analysis of programmed cell death in C. elegans 
 
The genetics of apoptosis and the identification of primary components implicated in the 
cell death machinery have been mainly defined by studies done in C. elegans. Lineage 
analysis of embryonic and post-embryonic cell division patterns revealed that during 
somatic development of the hermaphrodite worm, 131 out of the total of 1090 cells, 
which are born, undergo programmed cell death (Kimble and Hirsh, 1979; Sulston and 
Horvitz, 1977; Sulston, 1983). Programmed cell death of somatic cells mostly occurs 
during embryonic development but also to a lesser extent, during the transition through 
the four larval stages (Kimble and Hirsh, 1979; Sulston and Horvitz, 1977; Sulston, 
1983). Genetic analysis has led to the identification of over 100 different mutations that 
affect programmed cell death. These mutations define more than 15 genes that affect all 
programmed cell death and a small number of genes that are needed to commit specific 
cells to the apoptotic fate (Ellis and Horvitz, 1986; Ellis et al., 1991; Ellis and Horvitz, 
1991; Hedgecock et al., 1983; Hengartner et al., 1992). 
Apoptosis can be separated into four steps, each of which is defined by the 
analysis of various mutants. (1) Initially, specific cell types are committed to the 
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apoptotic fate. (2) Subsequently, the general apoptotic machinery, which is used in all 
dying cells, is activated. (3) Later, the recognition and engulfment of dying cells by 
neighbouring cell proceeds. (4) Finally, the remnants of engulfed cells are degraded. In 
several genetic screens four genes, egl-1, ced-3, ced-4 and ced-9 have been identified, 
which define a genetic pathway needed for almost all programmed cell deaths (Ellis and 
Horvitz, 1986; Hengartner et al., 1992; Conradt and Horvitz, 1998). All these C. elegans 
genes have homologues in mammals that perform similar functions in the control of 
apoptosis. ced-9 encodes a protein sharing 24% overall sequence identity with the 
mammalian Bcl-2 oncogene, which, like ced-9, negatively regulates cell death 
(Hengartner and Horvitz, 1994a). ced-3 encodes a protein with similarity to a family of 
death inducing proteases called caspases (Yuan et al., 1993). ced-4 is related to 
mammalian Apaf-1, which in mammals acts together with caspase-9, caspase-3, and 
cytochrome c in the core apoptotic program (Li et al., 1997; Yuan and Horvitz, 1992; Zou 
et al., 1997). Finally, EGL-1 is related to the mammalian BH-3-only-domain proteins, 
such as Bid, Bad, Bim or Puma, all of which are implicated in pro-apoptotic signalling. 
Based on the finding that C. elegans has only one component of the core apoptotic 
pathway, C. elegans might contain the evolutionary most simple cell death pathway 
(Conradt and Horvitz, 1998; Nakano and Vousden, 2001; O'Connor et al., 1998; Wang et 
al., 1998; Wu and Deng, 2002; Yang et al., 1995; Yu et al., 2001; Yuan and Horvitz, 
1992).  
Several biochemical studies suggest that apoptosis in C. elegans is initiated by the 
processing of CED-3 from its inactive zymogen form into active caspase. Autocatalytic 
activation of CED-3 requires association of the zymogen with oligomerized CED-4 
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(Yang et al., 1998). In cells fated to survive, CED-4 is bound to and sequestered by CED-
9 to mitochondrial membranes, thereby preventing oligomerization and CED-3 activation 
(Chen et al., 2000). The CED-9/CED-4 interaction is stable in living cells, but is 
disrupted in cells committed to die. Upon apoptotic signals, egl-1 is transcriptionally 
upregulated. Subsequently, EGL-1 interferes with the CED-9/CED-4 complex by binding 
to CED-9 and thereby releasing CED-4 into the cytoplasm (Conradt and Horvitz, 1998; 
del Peso et al., 2000; Parrish et al., 2000). Oligomerized cytoplasmic CED-4 is then able 
to activate CED-3 (Yang et al., 1998). 
Based on genetic analysis, cell death in the germ line, namely physiological cell 
death (see above) and DNA damage induced cell death, is dependent on the same core 
apoptotic machinery CED-9/CED-4/CED-3, which has been defined in somatic cell 
death. Loss of function (lf) alleles of ced-3(n717) or ced-4(n1162) completely abolishes 
germ cell death (Gumienny et al., 1999). Moreover, germ cell death is strongly 
suppressed in the gain of function allele ced-9(n1950). In contrast to the “physiological 
germ cell death”, which seems to be independent of egl-1(Gumienny et al., 1999), DNA 
damage induced cell death is reduced but not abolished in egl-1(n3082lf) indicating that 
egl-1 participates in DNA damage induced cell death (Gartner et al., 2000). Taken 
together, these observations suggest that germ cell death is, beside the requirement of the 
components of the core apoptotic pathway CED-9/CED-4/CED-3, genetically distinct 
from somatic cell death. Different upstream signals seem to act on the core apoptotic 
pathway specifying cell death. 
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Figure 0-3 Genetic core-pathway for programmed cell death: The upper lane shows the status of cell 
death signaling as a consequence egl-1 activation. The lower panel indicates the status of signaling in living 
cells. Solid arrows and solid T-bars indicate activation and repression, respectively. Dotted arrows and T-
bars indicate that activation and repression do not occur. 
 
5.5 Studying DNA damage response in C. elegans 
 
Programmed cell death does not only occur during C. elegans development and germ cell 
maturation. Germ cells, but not somatic cells, can also undergo apoptosis in response to 
genotoxic stress (Gartner et al., 2000). When worms at the fourth larval stage (at L4 stage 
female germ cells begin to proliferate) are exposed to ionising irradiation the apoptotic 
response can be monitored in a time-window of 12-36 hrs post irradiation under 
Nomarski optics in anaesthetised animals (Gartner et al., 2000). Apoptotic germ cells can 
easily be distinguished from other germ cells by their typical morphology. The first sign 
of programmed cell death is a decrease in the refractivity of the nucleus. Soon afterwards, 
both nucleus and cytoplasm become increasingly refractile until they resemble a flat disk, 
termed as “cell corpse”. Finally, the disk starts to disappear and the nucleus begins to 
appear crumpled and vanishes within less an hour. The number of cell corpses can be 
used to quantify the apoptotic DNA damage response (Gartner et al., 2000). 
The induction of apoptosis is very quick, as shown in an alternative experimental 
set up. Here, a synchronous population of adult wild-type animals is irradiated and the 
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apoptotic response is scored in a 60 minutes interval (Gartner et al., 2000). The number 
of cell corpse significantly increases after 4 hr post irradiation, which is in correlation to 
the apoptotic kinetic of irradiated mammalian thymocytes (Lowe et al., 1993). Other 
assays have been set up to detect apoptotic cells. In living animals, cell corpses can also 
be specifically stained with a fluorescent dye Acridine Orange and monitored with a 
Fluorescence Microscope set up (Gartner et al., 2000). The direct staining of apoptotic 
corpse in living animals was successfully used for high throughput genetic screens for 
mutants that affect the apoptotic DNA damage response (Anton Gartner personal 
communication). 
 
 
Figure 0-5 DNA damage induced cell cycle arrest. The number of germ cell nuclei within a given mitotic 
region is blotted against their DNA content. Two peaks at 2N (G1 phase) and 4N (G2/M phase) are 
characteristic for the histogram of mitotically proliferating germ cells. Ionising irradiation (60 Gy) leads to 
an accumulation of germ cell nuclei with 4N DNA content, which is an indication for a G2 cell cycle arrest. 
 
Besides DNA damage induced apoptosis, a cell cycle arrest response to DNA 
damage is observed in mitotically proliferating germ cells. Upon DNA damage (ionising 
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irradiation and hydroxyurea) the number of germ cells is significantly decreased. In 
addition the volume of mitotic germ cell nuclei as well as their surrounding cytoplasm is 
enlarged, because cellular and nuclear growth continues during radiation-induced cell 
proliferation arrest (Gartner et al., 2000). The cell cycle arrest is transient as cells resume 
cell cycle progression 24 hours after irradiation (Gartner et al., 2000). 
 
Cell cycle stages of germ cells can be determined by monitoring their DNA 
content. DNA of germ cells nuclei of isolated gonads was stained with the fluorescence 
dye Propidiumiodide (PI) and the DNA content was determined by measuring the 
intensity of the fluorescent PI signal within individual nuclei (Feng et al., 1999). Using 
this method germ cells with 2N DNA content (cells in the G1 phase) can be distinguished 
from cells with 4N DNA content (cells in the G2/M phase). The histogram of an 
asynchronous population of proliferating germ cells ((Feng et al., 1999) and Figure 0-5, 
black bars) shows two peaks one with 2N and a second with 4N DNA content. 
Measurement of the DNA content of irradiated (60 Gy) versus unirradiated germ cells 
revealed a significant accumulation of germ cells with 4N DNA content (Figure 0-5, 
compare black bars with red bars). This experiment indicates an accumulation of germ 
cells in G2/M after ionising irradiation. Taken together, germ cells respond to DNA 
damage in to ways: (1) mitotic germ cells undergo transient cell cycle arrest, whereas (2) 
meiotic pachytene cells induce the apoptosis. 
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6. Aim of the thesis 
 
6.1 DNA damage checkpoint genes and genome integrity in C. elegans 
 
The main aim of my PhD thesis is a better understanding of DNA damage checkpoint 
pathways in higher eukaryotes. We therefore used the nematode C. elegans as an 
experimental system. Recently Gartner et al. described specific cellular responses of 
germ cells (Gartner et al., 2000) after treatment of worms with genotoxic agents. Upon 
ionising radiation, mitotic germ cells transiently halt cell cycle whereas meiotic 
pachytene cells undergo programmed cell death. 
Characterization of the DNA damage checkpoint mutant rad-5. A mutant, rad-
5(mn159), which showed severe defects in these DNA damage checkpoint pathways was 
previously isolated (Gartner et al., 2000). Initial three-factor crosses revealed a map 
position to the middle of chromosome III. In that particular chromosome location no 
obvious C. elegans homologue of a known DNA damage checkpoint gene could be 
identified. We, therefore, assumed that rad-5 might be a potential candidate for a new 
checkpoint gene and aimed to clone the rad-5 gene by positional cloning. After cloning 
rad-5, we aimed to perform an epistasis analysis of rad-5 with known checkpoint genes. 
These experiments should elucidate if rad-5 is part of a known DNA damage checkpoint 
pathway or if rad-5 defines a novel pathway. Besides its checkpoint function, rad-5 has 
an additional function essential for embryogenesis (Hartman and Herman, 1982) as non-
functional RAD-5 leads to embryonic lethality. Using 4D-microscopy imaging we aimed 
to determine the terminal phenotype of rad-5 mutants during early embryogenesis. 
Homologous recombination and chromosome pairing during meiosis. In a second 
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project we aimed to study the correlation of homologous recombination and various 
stages of homologous pairing during meiosis. In yeast, fungi, plants, and mammals 
pairing of homologous chromosomes in meiosis is dependent on the formation of double 
strand breaks, which initiate recombination. In contrast, initiation of recombination is not 
required for homologous pairing in D. melanogaster and C. elegans. Meiotic 
chromosome pairing is initiated by a process referred to as presynaptic alignment, which 
is followed by the formation of a tight protein complex between fully paired 
chromosomes, which is referred to as the synaptonemal complex (SC). We generated an 
antibody specific for RAD-51, a key enzyme in homologous recombination, and showed 
that RAD-51 foci specifically mark sites of ongoing meiotic recombination. Via the 
analysis of rad-51 mutants worms, and the analysis of the pattern of RAD-51 foci 
formation in several mutants defective in various stages of meiotic chromosome pairing 
and recombination we aimed to elucidate the correlation between recombination and 
homologous pairing. 
The C. elegans RecQ like orthologue of the Bloom´s syndrome gene. In the third aim 
of my thesis we focused on the him-6 gene, which encodes for a C. elegans RecQ like 
helicase and which is the orthologue of the human Bloom´s syndrome gene. Bloom’s 
syndrome is an autosomal recessive human disease associated with predisposition to 
cancer. To better understand the in vivo function of the Bloom’s syndrome gene, and in 
particular its genetic interaction with top-3, mre-11, and rad-51, we wanted to undertake 
a comprehensive analysis of him-6/blm in genome stability and meiosis. Genome 
instability is characterized by an elevated number of double strand breaks. Using the 
number of RAD-51 foci as a cytological marker for DSBs we aimed to analyze the state 
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of genome stability in various single and double mutants combinations. Furthermore, 
using the pattern of RAD-51 foci in several stages of the meiotic prophase we aimed to 
pin down the role of him-6/blm in the process of meiotic recombination (see also aim 2). 
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7. Results and Discussion 
 
7.1 “C. elegans RAD-5/CLK-2 defines a new DNA damage checkpoint 
protein” 
 
7.1.1 Introduction 
DNA damage checkpoint genes encode a group of proteins whose function is (1) to 
physically detect DNA damage, (2) to transmit a signal that DNA damage is present, and 
then either (3) to elicit cell cycle arrest and DNA repair (which removes the DNA 
damage), or (4) to elicit programmed cell death (which removes the compromised cell). 
The apoptotic response to DNA damage is found only in higher eukaryotes, including 
worms, flies, and mammals (Fraser and James, 1998). Proteins required for the DNA 
damage checkpoints are evolutionary conserved and have primarily been identified 
through genetic analysis in yeast and biochemical studies in mammalian cells (Rich et al., 
2000) 
 Of the DNA damage checkpoint proteins identified thus far, it is unclear which 
protein actually senses DNA damage, although several candidates that interact with DNA 
are known. ScDdc1p (Saccharomyces cerevisiae Ddc1p), scRad17p, and scMec3p form a 
complex that structurally resembles a PCNA sliding DNA clamp (Burtelow et al., 2001; 
Caspari et al., 2000a; Kondo et al., 1999; Rauen et al., 2000; Venclovas and Thelen, 
2000) and has recently been shown to associate to DNA close to double strand breaks in 
vivo, in a scRad24p-dependent manner (Kondo et al., 2001; Melo et al., 2001). However, 
these proteins are not required for DNA damage-induced activation of the checkpoint 
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protein kinase spRad3p, which is the S. pombe homologue of scMec1p and mammalian 
ATR (Edwards et al., 1999). Furthermore, the in vivo association of the scMec1p kinase 
with damaged DNA does not require scDdc1p, scRad17p, and scMec3p (Kondo et al., 
2001). Together these results suggest that the PCNA-like checkpoint protein complex is 
not required for sensing DNA damage (Green et al., 2000; Kim and Brill, 2001; Krause et 
al., 2001; Naiki et al., 2000; Shimada et al., 1999). Furthermore, although complexes of 
the PCNA- and RFC-like checkpoint proteins are likely to interact with DNA in response 
to DNA damage, purified complexes containing these proteins fail to bind to DNA in 
vitro, suggesting that they may be downstream of the initial DNA damage checkpoint 
signal (Lindsey-Boltz et al., 2001). Other DNA damage checkpoint proteins that are 
likely to interact with DNA include the MRE11/RAD50/NBS1 nuclease complex 
(D'Amours and Jackson, 2001; Grenon et al., 2001; Usui et al., 2001). In addition to the 
above checkpoint proteins, studies in S. cerevisiae have also implicated DNA polymerase 
ε as an upstream component of checkpoint signalling that potentially acts as a sensor of 
DNA damage during S phase (Navas et al., 1995; Navas et al., 1996). It is unclear, 
however, whether DNA polymerase ε, scMec1p/spRad3p/ATM/ATR, the 
MRE11/RAD50/NBS1 nuclease, some other checkpoint protein, or some combination 
thereof might be the primary sensor(s) of DNA damage. The DNA damage signal is 
relayed via the scMec1p/spRad3p/ATM/ATR kinases to CHK1 and CHK2 kinases, 
which cause cell cycle arrest via phosphorylation of key cell cycle proteins (Dasika et al., 
1999). How DNA damage-induced apoptosis and DNA repair is regulated is less well 
understood. 
 We have recently shown that DNA damage-induced checkpoints occur in the C. 
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elegans germ line (Gartner et al., 2000). When wild-type C. elegans worms are irradiated, 
one observes programmed cell death of meiotic pachytene cells as well as a transient cell 
proliferation arrest of mitotic germ cells (Gartner et al., 2000). Radiation-induced germ 
cell death is dependent on the general cell death regulators ced-3 and ced-4 and is 
negatively regulated by ced-9. Moreover egl-1 partially contributes to radiation-induced 
apoptosis (Gartner et al., 2000). Importantly, three DNA damage checkpoint mutants 
have been identified, op241, rad-5(mn159), and mrt-2(e2663), and these mutants are 
defective for radiation induced cell death and cell cycle arrest (Gartner et al., 2000). mrt-
2 encodes the C. elegans homologue of budding yeast RAD17/fission yeast rad1(+) 
(Ahmed and Hodgkin, 2000). 
rad-5(mn159) is a C. elegans DNA damage checkpoint mutant that was identified 
in a screen for radiation hypersensitive animals (Hartman and Herman, 1982). rad-
5(mn159) worms are viable at 20°C but show maternal-effected embryonic lethality at 
25°C. rad-5 is thus either an essential gene or is required for life at 25°C (Hartman and 
Herman, 1982). When grown on permissive temperatures, the rad-5(mn159) mutant has 
reduced brood sizes and is hypersensitive to agents like UV, X-rays, and ethyl methan 
sulphonate, all of which damage DNA (Hartman and Herman, 1982). Since DNA damage 
fails to induce either cell cycle arrest or apoptosis in the germ line of rad-5(mn159), the 
RAD-5 protein is required for the DNA damage checkpoint in C. elegans (Gartner et al., 
2000). 
Here we show that the C. elegans rad-5(mn159) is allelic with clk-2(qm37), a C. 
elegans gene that affects both biological rhythms and life span (Lakowski and Hekimi, 
1996). By epistasis analysis, we show that rad-5/clk-2 mutants are defective for the mrt-2 
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and hus-1 DNA damage checkpoint pathway but that rad-5/clk-2 mutants are also 
defective for the S phase replication checkpoint. Cloning of C. elegans rad-5/clk-2 
reveals that it is structurally related to budding yeast Tel2p, a protein that has been shown 
to bind DNA in vitro (Kota and Runge, 1999; Kota and Runge, 1998; Runge and Zakian, 
1996). 
 
7.1.2.1 Results 
7.1.2.1 rad-5(mn159) is allelic to clk-2(qm37) 
To further characterize rad-5(mn159), we refined its map position to the middle of 
chromosome III by a series of three-factor crosses (Figure 1-1a). rad-5(mn159) displays a 
weak maternal-effected slow growth (Gro) phenotype, such that rad-5m+z- homozygotes 
(m, maternal genotype; z, zygotic genotype) develop at wilt type rates, whereas rad-
5(mn159)m-z- worms have slightly slower growth rates (Figure 1-1b) (Hartman and 
Herman, 1982). A maternal effected Gro phenotype is rare in C. elegans and has been 
described for mutations in four other genes: clk-1, clk-2, clk-3 and gro-1 (Lakowski and 
Hekimi, 1996). We noticed that clk-2 and rad-5 genes had similar map positions. In 
addition, the only clk-2 mutant allele that has been identified, qm37, displays a maternal-
effected embryonic lethal phenotype at 25°C, as seen with rad-5(mn159) (Lakowski and 
Hekimi, 1996). To test the possibility that rad-5(mn159) and clk-2(qm37) might be 
allelic, we generated rad-5(mn159)/clk-2(qm37) trans-heterozygotes and found that they 
showed embryonic lethality at 25°C (Figure 1-1c). In addition rad-5(mn159)/clk-2(qm37) 
heterozygotes grown at 20°C had a slow growth phenotype that was intermediate 
between that of rad-5(mn159) (weak Gro) and that of clk-2(qm37) (strong Gro) (Figure 
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Figure 1-1 rad-5(mn159)is allelic with clk-2(qm37). (a) rad-5(mn159), whose map position was previously 
reported near -2 on chromosome III, was mapped more precisely using a multi-factor cross with the strain 
WS 711 dpy-17(e164) ced-6(n1813) mec-14(u55) ncl-1(e1865) unc36(e251). Dpy-non-Unc and Unc-non 
Dpy animals were picked in the F2 generation and scored for the temperature-sensitive lethality associated 
with rad-5(mn159). The number of recombinants and the approximate map position of rad-5(mn159) are 
indicted. (b) Growth rates of various single and double checkpoint mutants: Adult animals were allowed to 
lay embryos for 4 hours. After 48 h at 20°C, 100% of wild type animals are in the L4 larval stage. To 
estimate growth retardation, the proportion of various single and double mutants in the four larval stages L1, 
L2, L3 and L4 was determined. Based on these data, we estimate that rad-5(mn159) reaches the L4 stage 6h 
later than wild type whereas clk-2(qm37) is retarded by approximately 18h. (c) Complementation analysis: 
Embryonic survival was scored as the percentage of surviving embryos laid after irradiation of mothers with 
60 Gy of radiation. (d) Radiation-induced cell cycle arrest was determined as described previously. In brief, 
worms were irradiated at the L4 stage and checkpoint-induced cell cycle arrest defects were scored as a lack 
of mitotic germ cell enlargement. (e) To assay for radiation induced germ cell death, worms were irradiated 
at the L4 stage with the indicated doses of X-irradiation and apoptotic corpses were determined 12, 24 and 
36 h after irradiation using Nomarski optics. (f,g) clk-2(qm37) is the only checkpoint defective clock mutant. 
(g) Radiation-induced cell cycle arrest. (f) Radiation sensitivity of clk mutants (determined as described in 
(c) and (d)). 
 
1-1b and c). Thus, rad-5(mn159) fails to complement clk-2(qm37) both for slow growth 
and for embryonic lethality at 25°C. 
 We next tested whether the clk-2(qm37) mutant displayed the DNA damage 
checkpoint defects seen with rad-5(mn159). To measure radiation sensitivity, worms 
were irradiated at the L4 larval stage, and the survival rate of F1 embryos was determined 
by counting F1 larvae and dead eggs (Gartner et al., 2000). Indeed, clk-2(qm37) mutants 
showed reduced survival following irradiation, as did rad-5(mn159)/clk-2(qm37) 
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heterozygotes (Figure 1-2c). In addition, clk-2(qm37) was defective for DNA damage 
induced cell cycle arrest (Figure 1-1d). In wild-type worms, mitotic cells in the distal arm 
of the C. elegans germ line transiently halt cell proliferation after irradiation but continue 
to growth, as indicated by a decrease in the cell number and enlargement of cellular and 
nuclear size. Checkpoint mutants such as mrt-2(e2663) and rad-5(mn159) are defective in 
this response. We observed that both rad-5 and clk-2 mitotic germ lines continue to 
proliferate following ionising irradiation (many small nuclei) (Figure 1-1d), as seen in 
mrt-2(e2663) checkpoint mutants (data not shown). To further corroborate that clk-
2(qm37) is checkpoint defective, we examined radiation induced germ cell death in the 
meiotic part of the germ line by scoring morphologically distinct apoptotic corpses under 
Normarski optics as described previously (Gartner et al., 2000). Radiation induced germ 
cell death is completely abrogated in clk-2(qm37) mutants (Figure 1-1e). Thus, the clk-
2(qm37) mutant is defective for the DNA damage checkpoint and is allelic with rad-
5(mn159). Since both rad-5 and clk-2 mutant names have been published, we designate 
this gene rad-5/clk-2 (rad-5 being the first mutant published) (Hartman and Herman, 
1982; Lakowski and Hekimi, 1996) 
 
7.1.2 2 clk-2 is the only clock gene required for the DNA damage checkpoint 
clk-2(qm37) mutants have a maternal effect clock phenotype, which is defined by slow 
growth, slow defecation, slow pharyngeal pumping, and slow movement (Lakowski and 
Hekimi, 1996). Mutations in three other genes, clk-1, clk-3 and gro-1, also result in clock 
phenotypes (Lakowski and Hekimi, 1996). In addition, all known clk mutants have 
extended life spans (Lakowski and Hekimi, 1996). We were curious to know if the 
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checkpoint phenotype of clk-2(qm37) might be due to slow growth, and all clk mutants 
were tested for DNA damage checkpoint defects. We found that the germ lines of clk-
1(e2519), clk-3(qm38), and gro-1(e2400) all responded to radiation-induced DNA 
damage by inducing wild-type levels of cell cycle arrest in the mitotic germ line and 
apoptosis in the meiotic germ line. Furthermore, the radiation sensitivity of clk-1, clk-3, 
and gro-1 mutations is similar to that of wild-type (Figure 1-1f). Thus, the abnormal 
DNA damage checkpoint phenotypes of rad-5(mn159) and of clk-2(qm37) are not simply 
a consequence of the slow growth phenotype of these mutants. 
 
7.1.2.3 Epistasis between rad-5/clk-2 and other checkpoint mutants 
Three C. elegans DNA damage checkpoint mutants have been previously identified: mrt-
2(e2663), op241, and rad-5(mn159). MRT-2 is a conserved DNA damage checkpoint 
protein and is homologous to S. pombe Rad1p and to S. cerevisiae Rad17p (Ahmed and 
Hodgkin, 2000). The mrt-2(e2663) splice junction mutation is likely to represent a severe 
allele of mrt-2 (Ahmed and Hodgkin, 2000). In contrast, rad-5(mn159) and clk-2(qm37) 
are likely to be partial loss-of-function mutations, since they both cause temperature-
sensitive embryonic lethality and are missense mutations. Finally, hus-1(op241) is a 
mutation in a conserved gene which is homologous to the DNA damage checkpoint gene 
S. pombe Hus1p and S. cerevisiae Mec3p (Hofmann et al., 2002). Neither mrt-2(e2663) 
nor hus-1(op241) is temperature sensitive. 
 To establish the epistatic relationship between these DNA damage checkpoint 
mutants, we generated all double mutant combinations and assayed for embryonic 
lethality and for extend of DNA damage-induced cell cycle arrest and apoptosis 
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following ionising radiation. Prior to construction of the double mutants, mutant strains 
were carefully out-crossed to eliminate the possibility of secondary mutations that could 
potentially affect radiation sensitivity. We found that mrt-2(e2663), hus-1(op241), rad-
5(mn159), and clk-2(qm37) single mutants displayed little embryonic lethality at 20°C 
and neither did the hus-1(op241);mrt-2(e2663) double mutant (Figure 1-2a). In contrast, 
all double mutant combinations with either rad-5(mn159) or clk-2(qm37) showed an 
increase in embryonic lethality that was greater than the predicted additive lethality for 
both single mutants (Figure 1-2a). In addition, the growth rates of all rad-5(mn159) or 
clk-2(qm37) double mutants were retarded in comparison with the respective single 
mutants (Figure 1-1b). The synergistic lethality of rad-5/clk-2 mutations with the mrt-
2(e2663) and hus-1(op241) DNA damage checkpoint mutations suggests that mutations 
of the rad-5/clk-2 DNA damage checkpoint gene may result in endogenous DNA damage 
whose repair requires the mrt-2 and hus-1 gene product or vice versa. 
 The radiation sensitivity of germ lines of single checkpoint mutants was examined 
by irradiation L4 larvae that have proliferating germ lines and by then scoring for the 
survival of embryos that are generated from the irradiated germ lines. Note that although 
rad-5(mn159) and clk-2(qm37) normally produce fewer eggs than wild-type, the total 
number of eggs laid by irradiated worms drops to about half that of unirradiated controls 
for all strains examined (Figure 1-2b). In contrast, the amount of lethality among the eggs 
of irradiated strains varied significantly. When single mutants were examined for X-ray 
sensitivity, mrt-2(e2663) was the most sensitive, hus-1(op241) was moderately sensitive, 
clk-2(qm37) was less sensitive, and rad-5(mn159) was the least sensitive (Figure 1-2c). 
The extensively out-crossed rad-5(mn159) strain used in this study was less sensitive to 
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irradiation than previously reported, because the original strain contains a second 
mutation that enhances radiation sensitivity (Gartner et al., 2000). These results agree 
with the possibility that mrt-2(e2663) is likely to be a strong allele and that rad-5(mn159) 
and clk-2(qm37) is temperature sensitive and therefore likely to be partial loss-of-
function mutations. 
 
Figure 1-2 Epistasis analysis of rad-5/clk-2 with mrt-2 and hus-1. (a) Synthetic lethality is observed in 
rad-5 or clk-2 double mutants. In double mutants, the expected lethality (based on adding the lethality of 
single mutants) is indicated by 'E', whereas the observed lethality is indicated by 'O'. (b) Brood size drops by 
about 50% for all strains examined following high doses of irradiation. (c) X-ray hypersensitivity of single 
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checkpoint mutants. (d) X-ray hypersensitivity of various double mutant combinations. Although the same 
single mutant controls are used in several panels, these controls were part of a large experiment, and 
different graphs are used for clarity. (e) radiation-induced cell cycle arrest was determined by scoring for the 
number of mitotic germ cell nuclei in a volume of 54000µm3, 12 h after irradiation at the L4 stage. For each 
experiment at least 5 germ lines were scored. 
 
When the various double mutants were examined for their sensitivity to X-ray, the 
hus-1(op241);mrt-2(e2663) double mutant was no more sensitive than either single 
mutant, indicating that these two mutations affect a single DNA damage checkpoint 
pathway. In contrast, germ line of double mutants that contain either rad-5(mn159) or 
clk-2(qm37) were always more sensitive to irradiation than the most sensitive single 
mutant, even when the added lethality of two single mutants was taken into consideration 
(Figure 1-2d). The enhanced sensitivity of rad-5 and clk-2 double mutants suggest that 
rad-5/clk-2 might act in a pathway parallel to that of mrt-2 and hus-1, thus helping to 
repair DNA damage independently of the mrt-2 and hus-1 checkpoint genes. 
 The radiation sensitivity experiments described above (Figure 1-2c and d) 
measured the survival of embryos generated from irradiated, proliferating germ line 
nuclei. This assay is probably the most sensitive measurement of DNA damage 
checkpoint regulation, according for the combined effects of the DNA damage 
checkpoint response, namely, cell cycle arrest, apoptosis, and DNA repair. To assess 
which of these factors might be responsible for the enhanced radiation sensitivity of rad-
5/clk-2 double mutants, radiation induced cell cycle arrest was examined by scoring the 
number of mitotic germ cell nuclei in a defined volume 12 hr after irradiation at the L4 
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stage (Figure 1-2e). Our experiments indicate that the cell cycle arrest response is equally 
 
Figure 1-3 . rad-5/clk-2 is defective in the S-phase checkpoint. (a) Mitotic germ cells of HU treated 
worms are shown. HU-induced cell cycle arrest was determined as described by MacQueen and 
Villeneuve. In brief, worms at the L4 stage were plated on NGM plates containing 25 mM HU and pictures 
of the mitotic part of the germ line were taken as described in (Figure 1-1d) after 14h incubation on HU 
plates at 25°C. Similar results were obtained when the assay was performed at 20°C (data not shown). (b) 
Quantification of S-phase defects. Worms were grown on NGM plates containing the indicated 
concentrations of HU starting from the L4 stage at 25°C. After 14h the extent of HU-induced cell cycle 
arrest was determined as described for IR induced cell cycle arrest (Figure 1-2e) by scoring for the number 
of mitotic germ cell nuclei in a volume of 54000µm3. 
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strong in all single and double mutants. Given that rad-5(mn159), clk-2(qm37), and the 
various double mutants are as defective as mrt-2(e2663) for DNA damage-induced cell 
cycle arrest (Figure 1-2e) and apoptosis (data not shown) (Gartner et al., 2000), we 
concluded that this classical checkpoint responses do not fully account for the wild-type 
level of resistance of the germ line to DNA damage. Thus, although rad-5/clk-2 and mrt-
2 appear to function in two parallel checkpoint pathways in terms of total irradiation 
sensitivity, the enhanced sensitivity is not due to enhanced defects in either cell cycle 
arrest or apoptosis but rather to defects in at least one additional parameter, possible 
DNA repair. In addition, our data indicate that rad-5/clk-2 and mrt-2 also function in a 
common pathway that regulates cell cycle arrest and apoptosis in response to DNA 
damage. 
 
7.1.2.4 rad-5/clk-2 mutants are defective for the S-phase replication checkpoint 
The S phase replication checkpoint is defined by hydroxyurea (HU), a drug that causes 
DNA replication arrest through inhibition of ribonucleotide reductase and the consequent 
depletion of dNTP pools (Enoch et al., 1993). A recent study demonstrated that HU 
treatment of C. elegans L4 larvae causes mitotic germ cell arrest and results in enlarged 
mitotic germ cell nuclei. In addition, the chk-2 DNA damage checkpoint protein was not 
required for this response (MacQueen and Villeneuve, 2001). Given that our double 
mutant analysis indicated that rad-5/clk-2 functions in at least one checkpoint pathway 
that is independent of mrt-2, we tested to see if rad-5/clk-2 might be involved in the S 
phase replication checkpoint (Figure 1-3a). We found that the HU-sensitive replication 
checkpoint is normal in mrt-2 and hus-1 animals but is severely compromised in the rad- 
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Figure 1-4 rad-5/clk-2 is encoded by C07H6.6. (a) To more precisely map rad-5(mn159), three-factor 
mapping was done with an unc-36 rad-5 sma-3 strain, which was crossed with the polymorphic CB4854 
strain. Recombinant animals were picked and the rad-5(mn159) map position was refined by analysis of 
single nucleotide polymorphisms between N2 and CB4854. (b) Rescue of rad-5(mn159) and clk-2(qm37) 
checkpoint phenotypes by cosmid C07H6. N2 wild type, mutant and transgenic worms were irradiated and 
the status of the mitotic germ line was scored after 12 h. The number of mitotic germ cell nuclei is indicated. 
(c) Sequence analysis revealed a single point mutation in C07H6.6 in rad-5(mn159) and in clk-2(qm37). The 
rad-5/clk-2 cDNA sequence was determined by analysing the apparently full-length EST yk447b4 (data not 
shown). A putative NLS (aa 290-307) was found using used InterPro search software. 
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5 and clk-2 animals (Figure 1-3a and b). rad-5 double mutants are equally resistant to HU 
as rad-5 single mutants (Figure 1-3b). Thus, our data indicate that the RAD-5/CLK-2 
DNA damage checkpoint protein is required in C. elegans both for the S phase 
replication checkpoint and for ionising radiation induced checkpoints that are specific for 
mrt-2 and hus-1 and are likely to occur at G1 and G2/M. 
 
7.1.2.5 RAD-5/CLK-2 defines a new evolutionary conserved protein 
rad-5(mn159) mapped to an interval of 420 kb that is covered by 12 overlapping cosmids 
(Figure 1-4a). To determine the molecular identity of rad-5/clk-2, cosmid pools were 
injected. One cosmid pool stably rescued the rad-5 ts lethality at 25°C. Injections of 
individual cosmids from this pool restricted the rescuing activity to a region unique to 
cosmid CO7H6, which contains four genes (Figure 1-4c). We obtained five C07H6 
transgenic lines that complemented the ts lethality of rad-5(mn159) and clk-2(qm37), 
three of which also complemented the associated DNA damage checkpoint defect (Figure 
1-4b). We were unable to phenocopy rad-5 defects by either RNAi injection or by RNAi 
feeding, so we sequenced four genes in the middle of cosmid C07H6 in both rad-
5(mn159) and clk-2(qm37) and found missense mutations only in C07H6.6. These 
mutations result in a G135C change in rad-5(mn159) and in a C772Y change in clk-
2(qm37) (Figure 1-4c). C07H6.6 and C07H6.8 are likely to be part of an operon (data not 
shown). Thus, a DNA fragment containing both genes was PCR amplified and used to 
rescue the ts lethality of both rad-5(mn159) and clk-2(qm37), thus confirming the 
molecular identity of rad-5/clk-2 (data not shown). Out of the four transgenic lines that 
rescued the temperature sensitivity of clk-2(qm37), one line also rescued the checkpoint 
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phenotype (Figure 1-4b). Rescue of the checkpoint phenotype was expected to be 
difficult, as this is a germ line phenotype, and injected, extrachromosomal DNA is often 
silenced in the germ line of C. elegans (Dernburg et al., 2000; Ketting and Plasterk, 
2000). We thus conclude that rad-5/clk-2 is encoded by C07H6.6. rad-5/clk-2 is 
expressed throughout all developmental stages (data not shown) (Hill et al., 2000). 
 To determine whether rad-5/clk-2 is evolutionary conserved, PSI Blast (NCBI) 
was performed using the RAD-5/CLK-2 protein family with a single homologue in 
vertebrates, Arabidopsis, Drosophila, budding and fission yeast (Figure 1-5). After five 
rounds of PSI Blast, probability scores for rad-5/clk-2 family members ranged from 1e-
178 to 1e-71, whereas the highest score for an unrelated protein was 0.92. Equally, PSI 
Blast searches with partial RAD-5/CLK-2 sequences detected the same proteins (data not 
shown). RAD-5/CLK-2 is homologous to the S. cerevisiae Tel2p protein, which was 
identified in a genetic screen for budding yeast mutants with short telomeres. Telomeres of 
the tel2-1 mutant shorten progressively for about 100 cell divisions and then stabilize 
(Lustig and Petes, 1986). In addition, Tel2p has been reported to bind to single-stranded, 
double stranded, and four-stranded yeast telomeric DNA in vitro (Kota and Runge, 1999; 
Kota and Runge, 1998). We therefore decided to examine telomere length in rad-
5(mn159) and clk-2(qm37) 
 
7.1.2.6 Telomere behaviour in C. elegans DNA damage checkpoint mutants 
The MRT2 checkpoint protein is thought to be required for telomere replication, because 
mrt-2(e2663) mutants display progressively shortened telomeres, late-onset end-to-end 
chromosome fusions, and late-onset sterility – phenotypes typical of telomerase-defective 
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mutants in yeast and mouse (Ahmed and Hodgkin, 2000). In comparison with telomeres of 
N2 wild-type strains, telomeres of rad-5(mn159) and clk-2(qm37) strains tended to be 
slightly elongated, often containing a long telomeric restriction fragment found in rad-
5/clk-2 parental strains. However, telomere length varies considerably in C. 
elegans
Figure1-5: RAD-5/CLK-2 has unique homologs in mammals, flies, and yeast and is related to budding yeast 
Tel2p. The multiple protein alignment was performed using Clustal W 1.8. 
 45
strains and can fluctuate within single isogenic lines (data not shown). Thus, crosses were 
performed between wild-type and rad-5/clk-2 mutant worms, homozygous mutant and 
wild-type F2 progeny were picked from the same F1 heterozygotes, and independent F2 
lines from the same F1 parents were analysed in order to determine if rad-5 or clk-2 
mutations affect telomere length (Figure 1-6a). Wild-type F2 lines from these crosses 
(clk-2+/+ sibs) had telomere length that were similar to those of their rad-5/clk-2 mutant 
siblings, indicating that the rad-5(mn159) and clk-2(qm37) missense mutations have no 
immediate effect on telomere length (Figure 1-6a). In contrast, F2 lines of mrt-2 all have 
discrete telomeric bands, suggesting tight regulation of telomeric length in the absence of 
telomere elongation, a phenotype that is also seen in Arabidopsis telomerase-defective 
mutants (Riha et al., 2001). 
 When telomere length of checkpoint-defective C. elegans strains was examined 
over several generations, N2 wild-type telomeres either stayed fairly constant in length 
(Figure 1-6b) or elongated slightly (in 3/6 experiments each) (data not shown), whereas 
rad-5 and clk-2 lines usually displayed slightly telomere lengthening (in 5/6 experiments) 
(Figure 1-6b; data not shown). Note that the example shown in Figure 1-6b is misleading 
in the absence of further trials, as it suggests that wild-types telomeres remain the same 
length, whereas rad-5 and clk-2 telomeres elongate slightly with time. Wild-type 
telomeres often elongate as well (data not shown). hus-1 telomeres showed little change 
in telomere length over time, whereas mrt-2 telomeres shortened progressively (Figure 1-
6b), as previously described (Ahmed and Hodgkin, 2000). We thus conclude that 
mutations of rad-5/clk-2 have no significant effect on telomere length, which is in  
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Figure 1-6: Telomere length of C. elegans checkpoint mutants. (a) Telomere length of a number of 
different freshly outcrossed F2 plates of rad-5(mn159), clk-2(qm37), mrt-2(e2663), hus-1(op241), and of 
clk-2 (+/+) wild-type siblings. (b) Telomere length of various C. elegans checkpoint mutant strains over 
the course of several generations. Since telomere length can fluctuate even in wild-type C. elegans strains, 
6 independent experiments were conducted, an example of which is shown. (c) Telomere length of various 
C. elegans checkpoint double mutants. Positions of telomeric and internal non-telomeric restriction 
fragments are indicated (Wicky et al., 1996). 
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contrast to the telomere shortening observed in S. cerevisiae tel2-1 mutants. Telomere 
length was also examined in the various double mutant combinations and shown to drift 
slightly in hus-1(op241),rad-5(mn159) or hus-1(op241),clk-2(qm37) strains (Figure 1-
6c). Notably, telomeres of hus-1,rad-5 double mutants shortened progressively (Figure 1-
6c), although these double mutants did not display the discrete telomeric bands or mortal 
germ line senescence that are seen for mrt-2 telomerase-deficient mutants (data not 
shown). All double mutant combinations with mrt-2 displayed progressive telomere 
shortening and mortal germ line phenotypes, as is typical of mrt-2 mutants (Figure 1-6c 
and data not shown) (Ahmed and Hodgkin, 2000). 
 
7.1.2.7 Checkpoint phenotypes of S. cerevisiae TEL-2 
Since rad-5/clk-2 and TEL-2 are related by sequence, we were curious to know if Tel2p 
might be required for the DNA damage checkpoint in S. cerevisiae. We analysed the 
single reported viable tel2 allele, tel2-1 (Lustig and Petes, 1986), but did not observe 
enhanced sensitivity to X-ray irradiation, to MMS, or to HU, as we observed with a 
control DNA damage checkpoint mutant, mec1-1 (data not shown). We conclude that this 
partial loss-of-function tel2-1 allele, which has a rather mild telomere shortening 
phenotype (Lustig and Petes, 1986)does not display defects that might be expected for a 
yeast DNA damage checkpoint mutant. 
 
7.1.3 Discussion 
Using C. elegans as an experimental system, we have identified a novel DNA damage 
checkpoint protein that is structurally related to budding yeast Tel2p. Both C. elegans 
 48
rad-5(mn159) and clk-2(qm37) alleles affect DNA damage checkpoint responses, have 
little effect on telomere length, and display a maternal-effect Gro phenotype. clk-2(qm37) 
displays stronger Gro and radiation sensitivity phenotypes than does rad-5(mn159) 
(Figure 1-1b), and clk-2(qm37) is also more sensitive to radiation (Figure 1-2d), 
indicating that it is a stronger allele. The two identified alleles are both missense 
mutations, and both of these are temperature-sensitive embryonic lethal. Both alleles of 
rad-5/clk-2 are therefore likely to be partial loss-of-function, suggesting that rad-5/clk-2 
is an essential gene. Since rad-5/clk-2 is a DNA damage checkpoint gene, it seemed 
possible that the temperature sensitive phenotype of rad-5/clk-2 mutant worms might be 
due to an S-phase defect at 25°C. However, developmental recordings of rad-5(mn159) 
or clk-2(qm3) embryos raised at 25°C failed to reveal any cell cycle defects in the first 
two cell divisions (data not shown) (Benard et al., 2001; Gonczy et al., 2000). In addition, 
telomere length in rad-5(mn159) and clk-2(qm37) animals grown to adulthood at 25°C 
was not different from that of wild-type controls (data not shown). It is possible that a 
subtle kind of lethal DNA damage accumulates at 25°C in these mutants. Alternatively, 
RAD-5/CLK-2 may be needed to organize late embryonic development (Hartman and 
Herman, 1982) or may have another essential function. 
 Two recent papers report the cloning of clk-2 (Benard et al., 2001; Lim et al., 
2001). Given that rad-5/clk-2 is related to budding yeast TEL2, a gene that regulates 
telomere length, these reports have each tested telomere length in single clk-2(qm37) 
strains and have observed either elongated (Benard et al., 2001) or shortened telomeres 
(Lim et al., 2001) in comparison with wild-type. Given that telomere length is generally 
variable in C. elegans strains (Shawn Ahmed, unpublished data), it is not surprising that 
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differences in telomere length might be observed between single clk-2/qm37) and wild 
type strains from different laboratories. Furthermore, rescue of an elongated clk-2 
telomere phenotype by one laboratory resulted in telomeres that were shorter than normal 
(Benard et al., 2001)suggesting that cosuppression silencing of rad-5/clk-2 may have 
occurred as a consequence of the rescuing extrachromosomal array (Benard et al., 2001). 
Our analysis of wild-type and long-lived clk-2(qm37)  F2 siblings that were derived from 
the same F1 parent revealed telomeres of similar lengths (Figure 1-6a), indicating that 
clk-2(qm37) does not have an immediate effect on telomere length and that clk-2 worms 
do not have extended life span as a consequence of either long or short telomeres. 
Furthermore, we have followed telomere length of clk-2(qm37) and rad-5(mn159) mutant 
worms for many generations, and our data indicate that the clk-2(qm37) and rad-
5(mn159) mutations do not significantly affect telomere length. If telomere length 
fluctuates slightly in these mutant strains over time, it also does so in wild-type strains. 
 Given that rad-5/clk-2 is a DNA damage checkpoint gene, we decided to examine 
the single reported viable allele of the budding yeast homologue, tel2-1 , but could not 
detect the enhanced sensitivity to DNA damaging agents (data not shown). However, as 
both rad-5/clk-2 and TEL2 are essential genes, the partial loss-of-function missense 
mutations that are available may not reveal all functions of these genes, such as 
checkpoint defects in tel2 mutant or telomere defects in a rad-5/clk-2 mutants. Several 
previous observations indicate that budding yeast Tel2p may have a checkpoint function. 
Tel2p has been shown to act in the same telomere length regulation pathway as that of 
Tel1p checkpoint protein, which is related to the human ataxia telangiectasia-mutated 
DNA damage checkpoint protein (Runge and Zakian, 1996). In addition, the tel2-1 
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mutant displays a weak chromosome loss phenotype, which is often seen with yeast DNA 
damage checkpoint mutants (Klein, 2001). It is possible that a checkpoint defect for tel2-
1 may be revealed when combined with other yeast checkpoint mutants, as seen with tel-
1 mutations (Greenwell et al., 1995; Morrow et al., 1995). However, it is also possible 
that the C. elegans homologue of TEL-2, rad-5/clk-2, may have acquired its checkpoint 
function during the evolution of multicellular organisms. 
 Our study reveals several DNA damage checkpoint functions for the conserved 
rad-5/clk-2 checkpoint gene. Analysis of rad-5/clk-2 double mutants using a variety of 
assays demonstrated synthetic effects with the mrt-2 and hus-1 checkpoint mutants. The 
enhanced radiation sensitivity of rad-5/clk-2 double mutants may be solely due to an 
additional defect in the S-phase replication checkpoint (Figure 1-3). Further, the failure to 
observe an S phase checkpoint defect in mrt-2 mutants (MacQueen and Villeneuve, 
2001) indicates that mrt-2/scRAD-1/sprad17 family members may not be required for the 
S phase checkpoint in multicellular organisms. Similarly, scrad17/sprad1 mutations are 
only weakly HU sensitive in fission and budding yeast (Lydall and Weinert, 1997; 
Paulovich et al., 1997). 
 Budding yeast Tel2p has been shown to bind a variety of nucleic acid structures in 
vitro, including single-stranded and unusual four-stranded DNA structures, which may 
resemble damaged DNA (Kota and Runge, 1999; Kota and Runge, 1998). Thus the RAD-
5/CLK-2 checkpoint protein may act at sites of DNA damage, either early in the pathway, 
as a primary sensor of DNA damage, or later in the pathway, to help repair of damaged 
DNA. It is curious that DNA polymerase ε has been identified in yeast as an S phase 
checkpoint protein that may be a sensor of DNA damage. Double mutants between 
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polymerase ε and canonical DNA damage checkpoint mutants show synthetic lethality 
and enhanced sensitivity to radiation (Feng and D'Urso, 2001; Navas et al., 1995; Navas 
et al., 1996), and we have observed similar synthetic phenotypes for rad-5/clk-2. 
However, DNA polymerase ε has only been shown to affect the S phase checkpoint, 
whereas rad-5/clk-2 affects both the DNA damage checkpoint and the s phase replication 
checkpoint (Figure 1-2 and 1-3) 
 This study demonstrates that C. elegans genetics is useful for identifying novel 
DNA damage checkpoint proteins – proteins that are likely to have significance in 
mammals and, possibly, in oncogenesis. Further studies will be required to reveal the 
precise molecular function of RAD-5/CLK-2 and its homologues. 
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In the following chapters we will present data on RAD-5/CLK-2 that are not part of the 
recent publication by Ahmed et al. (Ahmed et al., 2001). 
 
7.1.4 Analysis of the essential function of rad-5/clk-2 
In addition to its checkpoint function, rad-5/clk-2 has also an essential function needed 
for embryogenesis (Hartman and Herman, 1982). While the two alleles of rad-5/clk-2, 
mn159 and qm37, are defective in the DNA damage checkpoint signalling at 20°C to the 
same extend as we observed for mrt-2 and hus-1 mutants (Gartner et al., 2000)(Figure 1-
2e), they are, in contrast to mrt-2 and hus-1, temperature sensitive for embryonic 
viability. Embryos survive at 20°C, but embryonic development is halted at the restrictive 
temperature of 25°C. We postulated, that the essential function of rad-5/clk-2 could be 
explained by two models: (1) rad-5/clk-2 might be required for a distinct, DNA repair 
and checkpoint independent step during embryonic development. (2) Alternatively, the 
embryonic lethality of rad-5/clk-2 mutants might be explained by a failure to maintain 
genome stability that ultimately results in dead embryos. If this hypothesis is correct one 
might expect a non-uniform terminal phenotype of rad-5/clk-2 embryos as genome 
instability is expected to occur stochastically. 
 
7.1.4.1 Lineage defect in rad-5/clk-2 mutants at restrictive temperature 
During C. elegans embryonic development cell division patterns – also referred to as cell 
lineages – are invariant (Figure 1-7). This characteristic provides a unique experimental 
system as abnormalities in cell migration and cell cleavages during development can be  
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Figure 1-7 The early C. elegans cell lineage: The first eight AB great granddaughter cells are abbreviated 
using their last three letters (a: anterior, p: posterior, l: left, r: right). The two great granddaughters, which 
are abnormal in rad-5/clk-2 mutants are highlighted in red. Founder cells are indicated by AB, MS, E, C, D 
and P4 in blue. 
 
observed easily. (Sulston and Horvitz, 1977; Sulston, 1983). Early embryogenesis 
consists of five asymmetric and asynchronous cell divisions. These early cleavages 
produce six “founder “ cells called AB, MS, E, C D, and P4 (Sulston and Horvitz, 1977; 
Sulston, 1983)(Figure 1-7). 
Recently it has been shown that defects in DNA replication cause a delay in cell 
divisions and an enhanced asynchrony of early cleavages in C. elegans (Encalada et al., 
2000). Furthermore, Brauchle at al. showed that the cell cycle delay caused by defects in 
DNA replication is dependent on the DNA damage checkpoint genes atl-1 and chk-1 
(Brauchle et al., 2003; Schumacher et al., 2003). Strikingly, if the atl-1/chk-1 checkpoint 
was abrogated even in the absence of DNA replication defects, the cell cycle progression 
of the P1 cell was accelerated and the gap between the completion of AB and P1 
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divisions was shortened (Brauchle et al., 2003). Given that rad-5/clk-2 might have a 
function in S-phase we wanted to know if rad-5/clk-2 mutants have a defect similar to 
atr-1/chk-2 mutants in cell cycle timing of the first embryonic cell divisions. Moreover, 
we addressed the question if rad-5/clk-2 has a distinct role during embryonic 
development. 
To monitor abnormalities in the embryonic cell divisions we used a 4D-
microscope equipped with a multifocal-plane, time-lapse video recording system 
(Schnabel et al., 1997). Briefly described, a stack of twenty DIC-images, viewing 
different focal planes of the embryo, are taken every 30 seconds over the whole period of 
embryogenesis (~18 hrs). The “Biocell” program was used to document and illustrate the 
position of each cell and their descendants at different times (Schnabel et al., 1997). This 
technique allows to analyse abnormalities in cell lineages, cell migrations, timing of cell 
divisions and terminal fates. In comparison to wild-type we observed in both rad-
5(mn159) (4 out of 5 analysed embryos) and clk-2(qm37) (3 out of 4 analysed embryos) 
mutant embryos at restrictive temperature (25°C) a slightly slower cell cycle progression 
of all monitored cell cycles (data not shown). In addition, cell lineages were normal up to 
the 12-cell stage. However, at the 12-cell stage we monitored an abnormal 
migration/rotation of the ABar (granddaughter cell of the AB founder cell; a: anterior, r: 
right, Figure 1-7) daughter cells ABarp and ABara. Subsequently the ABarp daughter 
cell, and not the ABara came in contact to the MS blastomer (Figure 1-8). In this 
abnormal context the ABarp cell (and not the ABara cell as in wild-type) got an abnormal 
left-right induction signal (arrow in 3D-model of Figure 1-8) from the MS blastomere 
(Wood, 1991). As a consequence, cell fates of the ABarp (mainly forming the epidermis) 
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and ABara (mainly forming the pharynx) lineages were exchanged and no viable embryo 
could develop.  
 
Figure 1-8 early embryonic lineage defect in rad-5/clk-2 mutants. The left panel shows DIC images of 
representative focal planes of the 12-cell stage embryos. Daughter cells from ABar, ABal, and MS 
blostomere cell are indicated. The right panel visualizes the 12 embryonic cells in a 3D-model. 
Furthermore, the inductive signal (arrow) from MS (gray ball) to ABara, turquoise ball (in the wild type 
situation) and ABarp, pink ball (in the rad-5/clk-2 mutants) is indicated. (AB, MS founder cells, a:anterior, 
p:posterior, l:left, r:right) 
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Given that very defined defect at the 12-cell stage, the checkpoint/repair gene 
rad-5/clk-2 might be also responsible for a distinct, DNA repair independent step during 
early embryonic development. Future studies will be needed to define the molecular 
function of rad-5/clk-2 at the 12-cell stage. 
 
7.1.4.2 rad-5/clk-2 has a distinct function in early embryonic development 
We analysed the role of the putative RAD-5/CHK-2 checkpoint protein using 4D-
microscopy and found a very defined early defect at the 12-cell stage (Figure 1-8). 
Defects in the first embryonic cell divisions of C. elegans have also been published for 
DNA replication genes (Encalada et al., 2000) and the atl-1/chk-1 checkpoint pathway. 
atl-1 and chk-1 regulate in part the asynchrony between the cell cycle timing of AB and 
P1 cell divisions (Brauchle et al., 2003). Our results indicate that RAD-5/CLK-2 might 
also act as a replication checkpoint gene in the timing of cell divisions at the 12-cell 
stage. In particular the timing of the ABar cell division by RAD-5/CLK-2 might be 
important for the further embryonic development. However, we consider it more likely 
that RAD-5/CLK-2 might be involved in a second distinct function in embryogenesis that 
is DNA damage checkpoint and DNA repair independent. 
An early developmental defect has been described for Drosophila melanogaster 
embryos that are deficient in D.m.Mei41/ATL or D.m.Grapes/CHK1 checkpoint kinases 
(Sibon et al., 1999; Sibon et al., 1997). Early Drosophila embryogenesis consists of 13 
rapid syncytial mitotic cell divisions. The 14th cell division is then slowed down and 
nuclei migrate to the periphery and cellularize to form an epithelial mono-layer. This 
stage, which also correlates with the onset of zygotic transcription, is also called the mid-
 57
blastula transition. Inactivation of the Mei-41/Grapes checkpoint terminates the mid-
blastula transition. More than 14 syncytial divisions occur and embryos die without 
forming cells (Sibon et al., 1999; Sibon et al., 1997). 
In vertebrates, several DNA damage checkpoint genes like ATR and CHK1 DNA 
damage checkpoint kinases are also essential for embryonic viability. Knockouts of these 
two mouse DNA damage checkpoint genes cause early embryonic lethality. The analysis 
of ES cells derived from these mice revealed an essential cell cycle function (Liu et al., 
2000; Brown and Baltimore, 2000). It has been suggested that the embryonic lethality is 
caused by massive genome instability, which eventually triggers apoptosis (Liu et al., 
2000; Brown and Baltimore, 2000). However, a developmental specific function for ATR 
or CHK1 cannot be excluded. 
 
7.1.4.3 Accumulation of RAD-51 foci in mitotic germ cells of rad-5/clk-2 mutants 
Defects in DNA damage checkpoints and in DNA repair are often associated with 
genome instability (reviewed in (van Gent et al., 2001)). When rad-5(mn159) animals are 
cultivated at 20°C they display a mutator phaenotype as they accumulate mutations, in 
particular, small deletions (mutator phenotype; (Hartman and Herman, 1982)and Shawn 
Ahmed, unpublished observation). 
To analyse genome instability we monitored double strand breaks by 
immunofluorescence studies using an antiRAD-51 antibody. RAD-51 is key protein 
involved in homologous recombination and cytological detection of RAD-51 reveals 
bright nuclear foci, which have been shown to localize to sites near double strand breaks 
by immunofluorescence staining (West, 2003) (see also 7.2.1). 
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Figure 1-9 (a) Wild type and rad-5 mutant worms were incubated at the indicated temperatures and/or 
depleted for RAD-5/CLK-2 by RNAi as indicated. Gonads of these animals were prepared for 
immunofluorescence staining with polyclonal antiRAD-51 antibody. The distal tip of a representative 
gonad is shown. RAD-51 forms bright nuclear foci, which were counted and their numbers normalized to 
the number of germ cells (see 7.1.4.1). (b) Summary of phenotypes of CDC-7 RNAi in different mutant 
backgrounds (for detail see 7.1.4.2 and Material and Methods). (c) rad-5 mutants animals were depleted for 
CDC-7 at 20°C. Immunofluorescence staining was performed as described in (a). 
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We determined the number of RAD-51 foci in the distal tip of dissected wild-type 
gonads. We observed an average of 2+/-1.0 RAD-51 foci (normalized to 100 mitotic 
germ cells), which indicated the presence of spontaneous double strand breaks in 
proliferating germ cells. This observation is consistent with recent findings in human 
fibroblast cell lines describing the formation of RAD-51 foci particularly during S-phase 
(Tashiro 1996). At 20°C gonads from rad-5(mn159) and clk-2(qm37) animals showed 
already a slightly elevated number of RAD-51 foci with an average number of 5.7+/-2.5 
and 4.5+/-1.8 foci, respectively. After the temperature shift to 25°C the number of RAD-
51 foci dramatically increased to 43.1+/-13.6 foci for rad-5(mn159) and to 20.0+/-8.0 
foci for clk-2(qm37) mutants (Figure 1-9a). To confirm that the accumulation of RAD-51 
foci is due to the loss of functional RAD-5/CLK-2 at 25°C, we knocked down rad-5/clk-2 
in the rad-5(mn159) animals at 20°C by RNAi (see Material and Methods). Indeed, 
RAD-5/CLK-2 depletion led to an accumulation of RAD-51 foci (44.3+/-13.6 foci) in 
mitotic germ cells (Figure 1-9a). 
The elevated numbers of RAD-51 foci in rad-5/clk-2 mutants can be explained in 
two different ways. One obvious explanation is that RAD-5/CLK-2 is required for 
homologous recombination repair of spontaneous DNA lesions, which occur in 
proliferating germ cells. In this case loss of RAD-5/CLK-2 might lead to an accumulation 
of unprocessed DNA repair intermediates that are associated with RAD-51. In addition, 
the mutator phenotype of rad-5(mn159) at 20°C could be explained by a weak genome 
instability caused by the presence of a few unprocessed DNA repair intermediates. 
Alternatively, rad-5/clk-2 mutants are not defective in DNA repair but are partially 
defective in some aspect of S-phase progression (see model Figure 1-11). A partial defect 
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in S-phase progression might still allow germ cell divisions to occur but the number of 
stalled or collapsed replication forks, that ultimately lead double strand breaks, might be 
increased. Double strand breaks are repaired by homologous recombination in a rad-51 
dependent manner. Thus the accumulation of RAD-51 foci is due to the presence of an 
increased number of double strand breaks. The elevated steady state level of double 
strand breaks might then lead to severe genome instability. This hypothesis also favours 
the model that RAD-5/CLK-2 is needed to maintain genome stability during germ cell 
proliferation (Figure 1-11). 
 
7.1.5 Analysis of the molecular function of RAD-5/CLK-2 
We have described several lines of evidence that RAD-5/CLK-2 has a DNA damage 
checkpoint function and an essential function in maintaining genome stability and/or 
during early embryonic development. The molecular function of RAD-5/CLK-2 is still 
speculative. The first hint as to the molecular function of RAD-5/CLK-2 came from 
studies with the S. cerevisiae homologue Tel2p. tel-2-1 mutants show a progressive 
shortening of telomere ends. Moreover, biochemical studies reveal that Tel2p can bind 
telomeric DNA sequences in vitro (Runge and Zakian, 1996). In contradiction to the 
finding that Tel2p is a telomere binding protein, a GFP-tagged RAD-5/CLK-2 protein 
localizes to the cytoplasmic compartment (Benard et al., 2001). Subcellular fractionating 
of human cell lysates revealed a distribution of the human RAD5/CLK2 homologue in a 
nuclear, cytoplasmatic and membrane bound fraction (Jiang et al., 2003). More recently it 
has been reported that Tel2p interacts with the protein kinase Cdc7p in a large-scale yeast 
two-hybrid screen (Uetz et al., 2000). Cdc7p is essential for efficient initiation of DNA 
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replication in particular the firing of late origins of replication (Bousset and Diffley, 
1998; Donaldson et al., 1998; Jiang et al., 1999). Moreover, Cdc7p might have a role in 
the DNA replication checkpoint, which is activated upon replication stress induced by 
HU(Costanzo et al., 2003; Takeda et al., 1999; Tercero et al., 2003; Weinreich and 
Stillman, 1999). In response to HU the DNA damage checkpoint kinase 
S.c.Rad53p/hCHK2 phosphorylates Dbf4p, which is associated with Cdc7p and required 
for Dbf4p kinase activity (Jackson et al., 1993; Weinreich and Stillman, 1999; Yoon et 
al., 1993). Hyperphosphorylated Dbf4p attenuates Cdc7p kinase activity thereby slowing 
down S-phase progression. Given that C. elegans CDC-7 is a potential interactor for 
RAD-5/CLK-2 we aimed to analyse the DNA damage checkpoint function of cdc-7 and 
the genetic interaction of cdc-7 with rad-5/clk-2. Moreover, we wanted to confirm the 
Tel2p/Cdc7p yeast two-hybrid interaction with the respective C. elegans proteins using 
yeast two-hybrid analysis and in vitro binding assays. 
 
7.1.5.1. cdc-7(RNAi) causes synthetic lethality in rad-5/clk-2 mutants 
To test a possible DNA damage checkpoint function for the C. elegans homologue of 
cdc-7, we inactivated cdc-7 in wild-type and various checkpoint defective worms using 
two different RNAi techniques. First, we injected in vitro synthesized dRNA 
corresponding to cdc-7 into wild type animals. The injected animals (P0 generation) and 
their offspring (F1 generation) behave like wild-type animals (non-injected control 
worms) when assayed for embryonic lethality, radiation sensitivity, irradiation induced 
cell cycle arrest, and apoptosis (Figure 1-9b, and data not shown). Secondly, we 
confirmed these data by using the RNAi feeding technique (Fire et al., 1998). For this 
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technique worms are fed with E. coli, which synthesize double stranded RNA 
corresponding to cdc-7. No obvious DNA damage checkpoint defects were observed in 
cdc-7(RNAi) F1 and F2 animals (data not shown). 
 We were not able to detect any checkpoint defects in cdc-7(RNAi) animals. It 
might well be that RNAi was not efficient to fully deplete CDC-7. An alternative 
possibility is that cdc-7 has no checkpoint function or cdc-7 acts in a redundant pathway. 
Surprisingly, however, when we depleted CDC-7 (by cdc-7(dRNA) injection) in the rad-
5(mn159) and clk-2(qm37) worms at 20°C a synthetic embryonic lethality that affects 
61.2% and 63.5% of the progeny, respectively, was observed (Figure 1-9b). The synthetic 
lethality was even more prominent when rad-5(mn159) animals were fed with cdc-
7(RNAi) (97.8% embryonic lethality) (Figure 1-9b). Furthermore, we often observed that 
some of the hatched embryos arrested in the first larval stage L1 and did not develop to 
adult animals (Figure 1-9b). We are confident to suggest that the synthetic lethality we 
observed is specific for rad-5/clk-2 and cdc-7 as cdc-7(RNAi) RNAi in the DNA damage 
checkpoint mutants mrt-2(e2663), the DNA replication checkpoint mutant him-6(e1423), 
and the slow growing mutant clk-1(e2519) did not cause synthetic lethality. We further 
analysed gonads of rad-5(mn159)cdc-7(RNAi) animals in immunofluorescence studies. 
These gonads accumulate RAD-51 foci in germ cells to a comparable level as we 
observed in rad-5(mn159) at 25°C, and rad-5(mn159)rad-5(RNAi) at 20°C germ cells 
(Figure 1-9a and c). Taken together cdc-7 (RNAi) knock down in rad-5(mn159) mimics 
the phenotype of rad-5(mn159)rad-5(RNAi) and rad-5(mn159)(25°C). Therefore, we 
assume that cdc-7 and rad-5/clk-2 might prevent the accumulation of DNA lesions (most 
likely double strand breaks), which are repaired by homologous recombination. It would 
 63
be of great interest to analyse rad-5(mn159)cdc-7(RNAi) embryos for lineage defects 
such as we described for rad-5/clk-2 mutants at 25°C. 
 
Figure 1-10 Interaction studies between RAD-5/CLK-2 and CDC-7. (a) The yeast two-hybrid system 
was used to test for protein interaction between CDC-7 GAL4 DNA binding domain (BD) fusions and 
CDC-7 GAL4 activation domain (AD) fusions with AD-TEL-2 and BD-TEL-2, respectively, by growth on 
–ADE and –HIS autotrophic plates. (b) The yeast two-hybrid system was again used to test the interaction 
of the C. elegans orthologues CDC-7 and RAD-5/CLK-2. No interaction was detected between BD-CDC-7 
and AD-RAD-5/Clk-2 fusion proteins (c) Far Western Blot analysis. Cell lysate of E. coli cells expressing 
MBP-CDC-7 were separated on a SDS-PAGE gels and transferred to nitrocellulose membrane. This 
membrane was incubated with purified recombinant RAD-5 protein. Bound RAD-5 protein was detected 
by Western Blot analysis using a polyclonal antiRAD-5 antibody. As a negative control we used purified 
MBP-tag and uninduced E. coli cell lysate. RAD-5 specifically bound to MBP-CDC-7(line 2). Note, that no 
RAD-5 could be detected on the negative control samples (line 1 and 3). 
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After we found a genetic interaction of rad-5/clk-2 with cdc-7 we wanted to know 
if there is a physical interaction between RAD-5/CLK-2 and CDC-7. Uetz et al. 
published the yeast two hybrid interaction of budding yeast Tel2p with Cdc7p (Uetz et 
al., 2000). This finding resulted from a large-scale interaction screen. We were not able to 
confirm the Tel2p/Cdcp7 interaction in our Y2H experimental set up. In fact, in the 
control experiment Tel2p fused to the activation domain (AD) alone gave a positive 
signal for an interaction (Figure 1-10a, and see Material and Methods for details). 
Therefore, it might well be that the published Tel2p/Cdc7p interaction is a false positive. 
In addition, the C. elegans homologues RAD-5/CLK-2 and CDC-7 did not interact in our 
yeast two-hybrid assay (Figure 1-10b). 
We used a second approach to test a RAD-5/CLK-2 interaction with CDC-7. 
Recombinant CDC-7 fused at its N-terminal end with a maltose-binding-protein tag 
(MBP) was expressed in E. coli, total cell lysate was separated on a SDS-PAGE, and 
transferred to nitrocellulose. For a Far Western Blot assay, RAD-5/CLK-2 was expressed 
as a N-terminal GST-fusion protein in E. coli and affinity purified under native 
conditions (see Material and Methods for detail). A nitrocellulose membrane with 
immobilized MBP-CDC-7 cell lysates was incubated with purified RAD-5/CLK-2 
recombinant protein. After several washing steps bound RAD-5/CLK-2 protein was 
detected by using a polyclonal antibody specific for RAD-5/CLK-2 (Figure 1-10c). Note, 
that no RAD-5/CLK-2 could be detected in an uninduced E. coli cell lysate (Figure 1-10c 
first line) and purified MBP-tag alone (Figure 1-10c line 3). 
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These data indicate a possible physical interaction between RAD-5/CLK-2 and 
CDC-7 in vitro. Although, interaction analysis using yeast two-hybrid assays failed to 
confirm the CDC-7/RAD-5/CLK-2 interaction by Far Western blotting. One explanation 
 
 
Figure 1-11: Model for RAD-5/CLK-2 checkpoint function: See text for detail 
 
is that the two hybrid fusion proteins of RAD-5/CLK-2 and CDC-7 are not functional and 
are therefore not able to bind to each other. However, a RAD-5/CLK-2-CDC-7 
interaction would support the result of the genetic interaction between cdc-7 and rad-
5/clk-2.  
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To summarize, we have several lines of evidence indicating that there might be an 
interaction between CDC-7 and RAD-5/CLK-2. Nevertheless data on the genetic and 
physical interaction of RAD-5/CLK-2 with CDC-7 are very preliminary and a direct role 
of RAD-5/CLK-2 in a replication checkpoint is only speculative (Figure 1-11). Future 
experiments will be performed to elucidate the molecular function of RAD-5/CLK-2 in 
DNA replication and/or replication checkpoint signalling. 
 
7.1.6 Future perspective 
An initial bioinformatic analysis of RAD-5/CLK-2 by conventional PSI blast analysis 
revealed a single homologue of RAD-5/CLK-2 in all eukaryotic species analysed. 
(Ahmed et al., 2001). Subsequent, more careful protein sequence analysis of RAD-
5/CLK-2 and its orthologues in other species, similarly did not reveal any homology to 
known sequence motives or functional domains that would indicate a molecular function 
for RAD-5/CLK-2 (Alex Schleifer, IMP Vienna, personal communication). Interestingly, 
however, structure predictions for secondary structures revealed that RAD-5/CLK-2 is 
likely to be built up of a tandem array of alpha helical domains. This structural pattern is 
reminiscent to Armadillo/HEAT repeat proteins (Alex Schleifer, personal 
communication). Helical repeat proteins like Armadillo/β-catenin or Pds5 often function 
as a docking station for other regulatory proteins. In the case of Pds5, Pds5 is tethered to 
the Esp1, a protease involved in the cell cycle specific cleavage of cohesin, which is 
needed to break chromatid cohesion at the onset of anaphase (for review see (Nasmyth et 
al., 2000)). Armadillo/β-catenin has been shown to be involved in the regulation of 
segmental patterns by the Wingless signalling pathway. (for review see (Peifer, 1995; 
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Peifer, 1993)). Activation of the Wingless signalling pathway leads to the stabilisation 
and subsequent nuclear transfer of Armadillo/β-catenin protein, which provides a 
transactivation domain when complexed with the HMG box transcription factor 
dTCF/LEF-1 and thereby activates expression of epithelial cell proliferation and 
differentiation genes (Dierick and Bejsovec, 1999). 
Given the structural relation between RAD-5/CLK-2 and Armadillo/HEAT repeat 
proteins we propose a scaffold/adapter function for RAD-5/CLK-2. RAD-5/CLK-2 might 
dock as a scaffold protein to DNA damage checkpoint and/or DNA repair proteins to 
facilitate the formation of checkpoint and repair complexes. The identification of in vivo 
composition of RAD-5/CLK-2 complexes under different DNA damage responses might 
elucidate the molecular function of RAD-5/CLK-2. Experimental tools for the generation 
of stable worm lines expressing tagged versions of RAD-5/CLK-2 are already available. 
These worm lines will be used for co-immunoprecipitation experiments and interaction 
partners of RAD-5/CLK-2 will be identified by mass-spectroscopy. The biological 
relevance of a putative interaction of a candidate protein with RAD-5/CLK-2 in DNA 
damage responses can be analysed by RNAi depletion of the candidate protein using 
DNA damage assays, which have been set up in our lab for cell cycle arrest, apoptosis, 
and DNA repair. Moreover, the generation of Green Fluorescence Protein (GFP) tagged 
versions of RAD-5/CLK-2 and its putative interaction partners should allow us to analyse 
their in vivo subcellular localisation, in particular after DNA damage checkpoint 
activation. Furthermore, these localization studies can be done in different DNA damage 
checkpoint mutants to analyse the dependence of RAD-5/CLK-2 complex formation on 
these checkpoint genes. Taken together, C. elegans will be a powerful model organism to 
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identify RAD-5/CLK-2 protein complexes and, more important, to study the in vivo 
function of these complexes in DNA damage response pathways. 
RAD-5/CLK-2 is highly conserved with eukaryotes and therefore studies shall not 
be limited to C. elegans but be expanded to other model organisms including yeast 
vertebrates. Accumulating findings from studies in different model organisms will lead to 
a better understanding of the molecular function of RAD-5/CLK-2 in future. 
 69
7.2. “Genetic and cytological characterization of the recombination 
protein RAD-51 in Caenorhabditis elegans” 
 
7.2.1 Introduction 
Meiosis is a specialized cell division that leads to the reduction of the diploid 
chromosome complement and results in the production of haploid gametes. Compared 
with mitotic division, the first meiotic division is unique as homologous parental 
chromosomes associate with each other to enable the reciprocal exchange of 
corresponding portions and the orderly disjunction of chromosomes.  
During meiotic recombination, double-stranded DNA breaks (DSBs) are 
deliberately generated by the type II topoisomerase-like Spo11p nuclease in order to 
trigger the exchange of sequences between chromosomes (Bergerat et al., 1997; 
Cervantes et al., 2000; Dernburg et al., 1998; Keeney et al., 1997; Keeney et al., 1999; 
Mahadevaiah et al., 2001). In addition to spo-11, studies in budding yeast also implicated 
further genes including the mre-11 nuclease, which is involved both in DSB generation 
and processing. Meiotic DSBs are repaired by recombinational DNA repair, which may 
result in reciprocal recombination (=crossing over). Crossing over produces chiasmata 
that, in combination with sister chromatid cohesion, allow the formation of stable 
bivalents. Moreover, crossing over contributes to the genetic variability that underlies 
evolution.  
One of the key enzymatic activities needed for recombinational repair is DNA 
strand exchange conferred by Rad51p, a homologue of the bacterial RecA protein 
(Paques and Haber, 1999; Shinohara et al., 1992).To allow for strand exchange, DSBs are 
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resected such that extended single-stranded 3` overhangs are produced. These single-
stranded DNA tracks are loaded with Rad51p and form a nucleoprotein filament (Ogawa 
et al., 1993) in which single-stranded DNA assumes a stretched configuration that makes 
it competent to search for and invade a homologous double-stranded DNA sequence to 
initiate strand exchange. As a consequence of recombinational repair, genetic information 
is transferred from the template molecule to the repaired DNA molecule.  
Meiotic recombination requires the recognition and pairing of homologous 
chromosomes. In meiotic prophase, two axes representing the two homologous 
chromosomes start to align at a distance (presynaptic alignment) before they associate 
intimately via the synaptonemal complex (SC) (Loidl, 1990; Roeder, 1997; Zickler and 
Kleckner, 1999). In the budding yeast, mouse and Arabidopsis, meiotic DSBs were found 
to precede and to be required for chromosome synapsis (Grelon et al., 2001; Hunter and 
Kleckner, 2001; Mahadevaiah et al., 2001; Romanienko and Camerini-Otero, 2000). The 
sites of initial chromosome association are thought to be sites where DSBs are generated. 
Based on these cytological data it was thus postulated that a RAD-51 nucleofilament 
invades a complementary DNA sequence on the homologous chromosome, leading to 
subsequent synapsis. In Caenorhabditis elegans, however, DSBs are not a precondition 
for SC formation (Dernburg et al., 1998) 
Several features of the nematode worm C. elegans make it a particularly useful 
model to study the mechanisms underlying DNA damage response, meiotic 
recombination and meiotic chromosome pairing. Within the gonad cells are organized in 
a highly polarized way with the most distal end of the ovotestes containing a mitotic stem 
cell compartment that is followed by cells in different stages of meiotic prophase. Two 
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states of meiotic chromosome pairing, namely synapsis-independent association (which 
we refer to as presynaptic alignment throughout the text) and synapsis can be separated 
by mutational analysis (MacQueen et al., 2002), allowing the assignment of biochemical 
and genetic events of recombination and pairing to processes at the cytological level by 
immunolocalization of the respective proteins. In addition, C. elegans is a multicellular 
system that circumvents the intrinsic complication of mammalian systems where deletion 
of genes involved in meiotic recombination or chromosome pairing results in early 
embryonic lethality or tends to elicit programmed cell death, which confounds detailed 
cytological analysis in the respective mutants (Hirao et al., 2000; Lim and Hasty, 1996; 
Luo et al., 1999; Tsuzuki et al., 1996; Yamaguchi-Iwai et al., 1999) 
The C. elegans genome project revealed that C. elegans has two RecA 
homologues, one of which, Y43C5A.6, is closely related to rad-51 and termed both Ce - 
rad-51 and Ce-rdh1 (Rinaldo et al., 1998; Takanami et al., 1998).The other RecA 
homolog (C30A5.2), the inactivation of which by RNA interference (RNAi) or by 
transgene cosuppression did not show a distinct phenotype, is related to mammalian rad-
51C and was shown to interact with RAD-51 in a two-hybrid (Boulton et al., 2002)Anton 
Gartner, unpublished). Initial, RNAi-based studies on Ce-rad-51 suggested that RNAi 
depletion resulted in low viability of the offspring of worms, in bivalents that appeared 
not properly condensed, in a meiotic chromosome segregation defect, and in the 
activation of the DNA damage checkpoint pathway (Gartner et al., 2000; Rinaldo et al., 
2002; Rinaldo et al., 1998; Takanami et al., 1998). However, the cytological localization 
of meiotic recombination enzymes like RAD-51 has not been described in C. elegans. To 
further our understanding of meiosis-associated roles of rad-51 and their correlation with 
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meiotic chromosome pairing we embarked on a genetic and cytological analysis of the C. 
elegans rad-51 ortholog. 
 
 
 
 
Figure 2-1 (a) Map of the sequence region Y43C5A.6, which encodes RAD-51, with six exons. Also 
shown are the truncated protein of the rad-51(lg08701) allele and the region against which the antibody 
(AB) was raised. The mutation rad-51(lg08701) is a 939 bp deletion of the last three exons of rad-51, which 
contain the conserved domain for ATP-dependent strand exchange activity. (b) Immunoblot of 
Caenorhabditis elegant protein extracts. Affinity-purified RAD-51 antibody was used for immunoblot 
analysis on total worm lysates (protein equivalent of ~50 worms loaded) of wild-type (N2) and rad-
51(lg08701). With preimmune serum (PI) no band is detected. The antibody recognizes a band of 
Mr 39,000 corresponding to RAD-51 in wild-type worms (N2) and the truncated protein in the mutant  
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7.2.2 Results 
7.2.2.1 Isolation of a rad-51 mutant  
To study the role of C. elegant RAD-51 in meiosis we isolated a deletion mutant of the 
rad-51 gene using a C. elegant deletion library. One 939bp deletion was recovered 
(lg08701) that ablates the last three exons of rad-51 and includes conserved catalytic 
domains needed for ATP hydrolysis and DNA strand (Ogawa et al., 1993; Story et al., 
1993) (Figure 2-1a). We therefore consider this mutation to be a null allele of rad-51. 
The deletion strain was backcrossed five times to remove secondary mutations and the 
deletion was linked to dpy-13. Furthermore, to analyse the localization of RAD-51, a 
polyclonal antiserum against the first 103 amino acids of RAD-51 was generated and 
affinity purified. By immunoblotting, this antibody recognized a distinct band that 
migrates at a molecular weight of ca. Mr 39,000 and corresponds to the predicted 
molecular weight of RAD-51rad-51(lg08701) worms showed a band of reduced intensity 
and a size that corresponds to the N-terminal RAD-51 truncation generated by the 
deletion (Figure 2-1b). 
 
7.2.2.2 Phenotypic analysis of the rad-51 mutant 
We next investigated the biological consequences of the rad-51 deletion. As is the case 
with rad-51(RNAi) (Rinaldo et al., 1998; Takanami et al., 1998) the deletion of rad-51 
allows the survival of worms. While in rad-51(RNAi) animals up to ca 95% embryonic 
lethality and a high incidence of males had been found, we observed 100% lethality of 
embryos that were laid by rad-51(lg08701) worms. Of 1845 eggs laid by 32 different 
worms, no live embryos hatched after 2 days at 20°C, whereas in the dpy13 control 370 
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embryos hatched from 376 eggs laid by 8 worms (1.6% lethality) under the same 
conditions. The complete lethality is likely due to the stronger phenotype of the genuine 
gene disruption as compared with the RNAi phenotype (Takanami et al., 1998). rad-
51(lg08701) worms developed normally and at a similar pace to wild-type controls, 
suggesting that there is no major effect of rad-51 on embryonic or larval cell cycle 
progression (data not shown). 
 
 
Figure 2-2 Elevated germ cell apoptosis in the rad-5(lg08701) disruption without and after 
irradiation. Late stage L4 hermaphrodites were exposed to 0, 30, and 60 Gy of γ-irradiation and apoptosis 
was scored 12, 24, and 36 h later as described in Gartner et al. The y-axis indicates the number of dead 
cells (cell corpses) per gonad arm. 15-20 gonad arms were scored for each data point; error bars indicate 
average deviation. 
 
The rad-51(lg08701) disruption led to elevated germ cell apoptosis that was 
further enhanced by irradiation (Fig. 2-2). This enhanced level of apoptosis is due to the 
activation of the C. elegans DNA damage checkpoint response (most likely due to 
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unrepaired meiotic DSBs) and does not affect DNA damage-independent "physiological 
germ cell death" (Gartner et al., 2000; Gumienny et al., 1999). It can be completely 
suppressed by RNAi with cep-1 (Schumacher et al., 2001), which encodes the C. elegans 
homolog of mammalian p53. In rad-51 dpy-13 gfp(RNAi) we observed 16.7±4.6 cell 
corpses, but in rad-51 dpy-13 cep-1(RNAi) only 1.3±0.8 corpses per gonad ( n =10 
gonads each). It should be noted that the level of germ cell death in the wild-type control 
upon irradiation is lower than previously described (Gartner et al., 2000), which is 
presumably due to the dpy-13 background, which results in slower germ cell proliferation 
and hence leads to a lower level of germ cell apoptosis.  
 
7.2.2.3 Meiosis in a rad-51 mutant  
To elucidate the role of RAD-51 in meiosis, we studied chromosome behaviour in the 
ovotestis of rad-51(lg08701) hermaphrodites. Cells at different meiotic stages can be 
discriminated by their nuclear morphology after staining with the DNA-specific 
fluorescent dye DAPI and by their presence in easily distinguishable zones along the 
tubular gonad. To assess meiotic chromosome pairing in rad-51(lg08701) worms, the 
association of homologous chromosomal loci, which were labelled by FISH, was 
investigated. We found single FISH signals (indicative of chromosome pairing) in 
transition zone and early and late pachytene cells at a frequency that is comparable to 
wild type (Figure 2-3a and b). This result indicates that homology recognition and 
homologous synapsis are unaffected by the absence of functional rad-51. In addition, 
immunoassaying of REC-8, a component of SCs (Pasierbek et al., 2001) revealed the 
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Figure 2-3 Fig. 3A–I.  Meiotic phenotypes of rad-51(lg08701). Meiotic chromosome pairing is normal in 
the mutant. Fluorescence in situ hybridisation (FISH) performed with a probe for a chromosomal region 
near the left end of chromosome I. Most pachytene nuclei show a single or tightly linked doublet FISH 
signals ( red) both in the wild type (a) and the rad-51 mutant ( b) which indicate close alignment of 
homologous chromosomal regions. DNA was counterstained with 4´,6-diamidino-2-phenylindole (DAPI) ( 
blue). (c) The mutant is capable of proper synaptonemal complex (SC) assembly. Immunoassaying of rad-
51(lg08701) pachytene nuclei with the SC component REC-8 ( green) indicates normal SC formation at 
pachytene. (d-i) Chromosome morphology in wild-type and rad-51(lg08701) diplotene/diakinesis (DAPI 
staining). Whereas in the wild type (d) six well-condensed bivalents are formed, in most cells of the mutant 
corresponding to diplotene-diakinesis, one to several chromatin masses are observed, but occasionally 
approximately six entities, resembling bivalents, can be resolved. In a subset of nuclei at this stage, more 
than six structures are present. Twelve well-condensed univalents are formed in old mutant individuals (i). 
Bar represents 5 µm  
 
 77
Wild type appearance of this structure in the rad-51(lg08701) mutant (Figure 2-3c). 
These results suggest that C. elegans RAD-51 is required for neither presynaptic 
alignment, synapsis nor for the proper morphological appearance of the SC.  
In most diakinesis nuclei of rad-51(lg08701), chromosomes were clumped 
together and appeared diffuse. This chromosome phenotype is also elicited by RNAi 
depletion of RAD-51 (Rinaldo et al., 2002), and it was interpreted as a chromosome 
condensation defect. Whereas, in the wild type, six well-condensed bivalents are visible 
at this stage (Figure 2-3d), many nuclei had six weakly condensed bivalents (Figure 2-3e-
g). The presence of bivalents is surprising since mutants defective in meiotic 
recombination are expected to form 12 univalents as chiasmata that hold homologous 
chromosomes together would be missing. Only a subset of diakinesis nuclei revealed 
more than six chromatin masses, indicating a failure of chiasma formation (Figure 2-3h). 
In very old rad-51(lg08701) worms (i.e., at the time when they had run out of sperm) we 
often observed 12 properly condensed univalents (Figure 2-3i), a phenotype that has been 
previously observed in spo-11, mre-11 and msh-5 recombination-defective worms (Chin 
and Villeneuve, 2001; Dernburg et al., 1998; Kelly et al., 2000b). Given the variability of 
diakinesis phenotypes we wondered whether a small maternally provided pool of RAD-
51 might persist in rad-51(lg08701) worms and cause variable phenotypes. We therefore 
performed rad-51 RNAi in rad-51(lg08701) worms. Since we observed similar 
phenotypes to that of the deletion only (data not shown), we conclude that rad-
51(lg08701) displays a complete loss of function phenotype with respect to diakinesis. It 
is possible, however, that the aforementioned second RecA homolog of C. elegans has a 
partially redundant function. 
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7.2.2.4 Immunolocalization of RAD-51 in meiotic cells of wild-type and mutant 
worms 
To characterize further the roles of C. elegans RAD-51 we examined the cytological 
localization of RAD-51 during meiosis. Immunoassaying of RAD-51 showed that it 
forms distinct round or slightly elongated dots within nuclei of the gonad. We only 
occasionally observed RAD-51 spots in mitotic cells. No RAD-51 staining was observed 
in rad-51(lg08701) worms or when a pre-immune serum was used (data not shown). 
However, RAD-51 foci were readily induced in mitotic cells upon irradiation in a dose- 
and time-dependent manner, similar to the situation in yeast and mammalian cells (Anton 
Gartner and Arno Alpi, unpublished results). The number of RAD-51 spots was very 
heterogeneous between cells at comparable stages within one and the same gonad. In a 
small fraction of nuclei in the mitotic zone 1 or 2 spots occurred (data not shown). In 
meiotic cells RAD-51 foci appeared in nuclei of the transition zone of the gonad, which 
corresponds to the leptotene to zygotene stage (Figure 2-4a, Table1). We found that many 
of the RAD-51 spots were bar-shaped (Figure 2-4a, and insert). This observation is in 
accordance with the bar-shaped or double Rad51p foci in maize (Franklin et al., 1999). 
They were interpreted as Rad51p nucleofilaments bridging the distance between two 
aligned homologs in the course of strand invasion or another recombination intermediate. 
In nuclei immediately adjacent to the transition zone (which correspond to late 
zygotene/early pachytene) up to nine RAD-51 spots were present, whereas by late 
pachytene they were gone (Figure 2-4a). 
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Figure 2-4 Fig. 4A–G.  Localization of RAD-51 in meiotic nuclei. (a) Immunoassaying highlights 
distinct chromatin-associated spots (red) in wild-type transition zone (TZ) and late zygotene/early 
pachytene nuclei (LZ/EP). They are absent from late pachytene nuclei (LP). Many of the RAD-51 spots are 
bar-shaped (insert). (b) Rad-51 staining of transition zone nuclei in unirradiated (0 Gy) and transition zone 
and late pachytene nuclei in irradiated (60 Gy) spo-11 worms. (c) RAD-51 staining of mre-11 transition 
zone nuclei. (d) RAD-51 staining in msh-5 late pachytene nuclei. (e) Rad-51 foci do not form in chk-2 
worms. Insert At a later stage well condensed univalents are present whose axes contain REC-8 (green). (f) 
Examples of RAD-51 foci in him-3(RNAi) worms in transition zone, late zygotene/early pachytene and late 
pachytene nuclei. (g) RAD-51 foci in rec-8 (RNAi) worms occur from transition zone to diplotene (Diplo). 
For quantitative data see Table 1. Bar represents 5 µm 
 
It has been demonstrated that C. elegans spo-11 is required to generate meiotic DSBs 
(Dernburg et al., 1998). To determine whether spo-11-dependent breaks are the only 
targets of RAD-51 in C. elegans we analysed the pattern of RAD-51 foci in spo-11 
worms. We found that there were virtually no RAD-51 foci in any meiotic stage 
(Table 1), indicating that RAD51 associates with DSBs only. Irradiation bypasses the 
recombination defect of spo-11 worms, leading to the establishment of bivalents due to 
 
Table 1.  Quantification of RAD-51 foci in several genetic backgrounds and meiotic prophase stages 
of Caenorhabditis elegans. Average numbers±SD of RAD-51 foci per nucleus are listed, and the 
minimum–maximum number per nucleus and the percentage of nuclei showing at least one RAD-51 focus 
are given in parentheses. The percentages of nuclei in which RAD-51 foci occurred in distinct clusters in 
the translocation strains (for examples see Figure 2-5b) are given in square brackets. Late zygotene/early 
pachytene nuclei were classified by their position in three to four rows of cells adjacent to the transition 
zone. Classification of transition and pachytene zone was according to MacQueen and Villeneuve. 
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Transition zone (i.e., 
leptotene-zygotene) 
Late zygotene/early 
pachytene zone 
Mid/late 
pachytene zone 
Wild type 
0.9±1.0, n =56 (0–6, 
48%)  
5.2±1.7, n =44 (1–11, 
100%)  
<0.1, n =38 (0–1, 
10%)  
rad-51(lg08701) 0, n =40  0, n =44  0, n =41  
spo-11(ok79) 
<0.1, n =67 (0–1, 
3%)  
<0.1, n =36 (0–1, 3%) 0, n =42  
spo-
11(ok79)Irradiated 
60 Gy  
13.9±3.4, n =41 (6–
25, 100%)  
21.2±3.8, n =57 (12–
29, 100%)  
11.3±3.1, n =38 
(3–17, 100%)  
chk-2(me64) 
<0.1, n =35 (0–1, 
3%)  
<0.1, n =60 (0–1, 3%) 0, n =39  
mre-11(ok179) 
<0.1, n =35 (0–1, 
3%)  
<0.1, n =50 (0–1, 3%) 0, n =50  
msh-5(me23) 
0.5±0.6, n =48 (1–13, 
58%)  
4.0±1.8, n =40 (1–10, 
100%)  
3.2±1.4, n =59 (1–
7, 91%)  
him-3(RNAi) 
3.6±4.5, n =38 (0–20, 
53%)  
18.7±4.9, n =41 (9–35, 
100%)  
17.2±3.1, n =40 
(10–33, 100%)  
rec-8(RNAi) 
2.6±3.0, n =52 (0–15, 
58%)  
13.9±2.8, n =41 (9–21, 
100%)  
13.0±2.8, n =40 
(8–21, 100%)  
rec-8(cosuppression) 
1.6±1.5, n =50 (0–6, 
66%)  
12.7±3.4, n =41 (5–18, 
100%)  
24.5±5.7, n =40 
(11–35, 100%)  
eT1(II;V) 
1.6±1.6, n =58 (0–10, 
59%)  
8.0±2.7, n =43 (3–16, 
100%) [62%]  
8.2±3.3, n =44 (0–
20, 93%) [75%]  
hT1(I;V) 
1.2±1.2, n =47 (0–6, 
63%)  
8.5±3.1, n =42 (2–18, 
100%) [65%]  
10.1±4.0, n =56 
(0–20, 96%) [74%] 
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the formation of functional chiasmata (Dernburg et al., 1998). As expected, this bypass of 
spo-11 function likely depends on rad-51 as irradiated spo-11 worms displayed RAD-51 
foci (Figure 2-4b).  
Likewise, we scored RAD-51 in an mre-11(ok179) mutant. While synapsis is 
normal in this mutant, it shows a meiotic recombination defect. It was proposed that, 
similar to the situation in yeast, C. elegans MRE-11 may have a dual role in DSB 
generation and processing (Chin and Villeneuve, 2001). In accordance with the putative 
function of mre-11 in the generation of meiotic DSBs or in the generation of ssDNA via 
the resection of DSBs, we only observed background levels of RAD-51 foci in meiotic 
nuclei of the mutant (Table 1, Figure 2-4c).  
We next studied RAD-51 foci in the msh-5(me23) mutant, which has a normal SC 
but which is defective in chiasma formation (Kelly et al., 2000a).msh-5 encodes the C. 
elegans MutS homolog and genetic evidence indicates that it might act after the initiation 
of meiotic recombination. We found wild-type levels of RAD-51 foci in transition zone 
nuclei and in early pachytene nuclei of msh-5(me23). However, these foci persisted 
longer as compared with wild-type cells and could also be found in late pachytene cells 
(Figure 2-4d). This result suggests a defect in the processing of recombination 
intermediates that occurs after RAD-51 focus formation and that leads to the 
accumulation of RAD-51 foci in pachytene. Foci completely disappeared in diplotene, 
indicating that DSBs eventually become repaired or that RAD-51 dissociates from 
breaks.  
To investigate the link between DSBs, presynaptic alignment, SC formation and 
RAD-51 focus formation, we performed RAD-51 immunoassaying in several meiotic 
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pairing mutants. First, we checked whether RAD-51 is present on chromatin in a chk-2 
mutant. In this mutant presynaptic alignment and SC formation is compromised and 
transition zone nuclei appear abnormal whereas other aspects of meiosis are normal and 
12 well-condensed univalents are formed (MacQueen and Villeneuve, 2001). These 
univalents possess axes that contain the meiosis-specific cohesin REC-8 (Figure 2-4e, 
insert). It is not known whether meiotic recombination is initiated in the absence of 
presynaptic alignment in chk-2 (MacQueen and Villeneuve, 2001). No RAD-51 foci were 
found in this mutant (Table 1, Figure 2-4e), suggesting that DSBs either do not occur or 
are not processed to a recombination intermediate that is a target of RAD-51.  
We next studied the effect of HIM-3 depletion by RNAi on RAD-51 focus 
formation. HIM-3 localizes to chromosomal cores, and in him-3 hypomorphs both 
meiotic recombination and synapsis are severely reduced (Zetka et al., 1999). Analysis by 
FISH confirmed that, upon dsRNA injection (which does not necessarily lead to the 
complete depletion of HIM-3), synapsis was abolished (data not shown). In him-3(RNAi) 
worms the incidence of RAD-51 foci was dramatically increased and a large number of 
RAD-51 foci persisted even in pachytene cells (Table 1, Figure 2-4f), suggesting that 
DSBs are formed abundantly on chromosomes that are not synapsed. Interestingly, we 
did not observe an elevated level of programmed cell death in him3(RNAi) worms. There 
was an average of 0.88 to 1.2 corpses per gonad in four independent him-3 RNAi 
depleted worm lines, which is similar to the amount of dead cells in the wild type 
(Gartner et al., 2000). This result indicates that in C. elegans programmed pachytene cell 
death is not triggered by synaptic failure or by the large excess of DSBs in him3 worms. 
Since RAD-51 spots disappeared in diplotene, we assume that DSBs are eventually 
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repaired even in the absence of synapsis or that RAD-51 protomers finally dissociate 
from the sites of breaks.  
To corroborate further the finding that synapsis is required to remove RAD-51 
spots, we analysed the cytological behaviour of RAD-51 foci in rec-8(RNAi) and rec-
8(cosuppression) worms. rec-8 encodes a meiotic cohesin that is localized at 
chromosomal axes and between sister chromatids. Depletion of REC-8 by RNAi leads to 
a defect in SC formation, whereas presynaptic alignment is maintained. Furthermore, it 
was suggested that meiotic DSBs remain unrepaired in rec8 as chromosomal fragments 
can be detected at diplotene (Pasierbek et al., 2001). To see whether RAD-51 foci persist 
at unrepaired DSBs, we investigated the number of RAD-51 foci in rec-8(RNAi) and rec-
8(cosuppression) worms. The number of RAD-51 spots in the transition zone was 
increased and a dramatically increased number of spots persisted into pachytene 
(Table 1). RAD-51 foci remained associated with chromatin even up to the late diplotene 
stage (Figure 2-4g). Only at diakinesis did the RAD-51 foci disappear, which suggests 
that DSBs are repaired by a mechanism that does not require the sister or the homolog as 
template or that they remain unrepaired but RAD-51 dissociates from these sites after 
some time. 
To exclude the possibility that RAD-51 foci persist in the absence of HIM-3 and 
REC-8 owing to compromised axial element structure rather than owing to genuine 
defects in meiotic synapsis, we abolished synapsis by inactivating syp-1, which encodes a 
structural element of the transverse filaments of the SC (MacQueen et al., 2002). 
Consistent with the notion that SC formation is required for the removal of RAD-51 foci, 
we found that numerous RAD-51 foci persist in the nuclei of the late pachytene zone of 
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syp-1(RNAi) animals (data not shown). The him-3, rec-8 and syp-1 deficiency situations 
demonstrate that in the absence of synapsis RAD-51 remains associated with chromatin. 
To test further whether SC formation is sufficient to remove RAD-51, we 
employed the heterozygous translocation strain eT1 (III;V). In this strain, the right arm of 
chromosome III and the left arm of chromosome V are reciprocally exchanged (Edgley et 
al., 1995). Studies employing FISH probes indicated that presynaptic alignment occurs 
between homologous sequences even if those sequences are on separate chromosomes as 
is the case in the eT1 (III;V) translocation (Loidl et al) (for illustration see Figure 2-5a). 
Subsequently SC formation is initiated from the non-translocated part of homologous 
chromosomes and non-homologous SCs are possibly formed at the translocated areas of 
the affected chromosomes (Loidl, 1990). Consequently, two unsynapsed or non-
homologous SC tracts are present in pachytene nuclei within the reciprocally translocated 
areas of chromosomes III and V. Immunostaining with RAD-51 revealed the presence of 
numerous RAD-51 foci (Table 1), which tended to be arranged in a string-like or 
clustered arrangement in two distinct areas of the nucleus (Figure 2-5b). These results 
suggest that RAD-51 foci persist in unsynapsed or in non-homologously synapsed 
regions of the genome. The results obtained with the analysis of eT1 (III;V) were also 
confirmed by the analysis of another reciprocal translocation, hT1(I;V) (Table 1). 
 
7.2.3 Discussion 
RAD-51 protein accumulates in spots in nuclei undergoing DSB repair 
We found that ~0–11 distinct RAD-51 foci occur in transition zone nuclei (corresponding 
to leptotene/zygotene) and in early pachytene nuclei of wild-type worms. By late 
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pachytene, all RAD-51 foci were gone (Table 1). The presence of RAD-51 in early 
meiotic prophase nuclei is in agreement with the established role of the protein in the 
processing of meiotic DSBs (Paques and Haber, 1999) that occurs around the zygotene 
 
 
Figure 2-5 RAD-51 foci persist in heterozygous translocation strains. (a) Model of chromosome pairing 
during presynaptic alignment and synapsis in the eT1 translocation. During presynaptic alignment 
homologous DNAs associate irrespective of whether they are on homologous chromosomes or not. 
Synapsis starts from homologous recognition regions (HRR) and extends into non-homologous regions that 
are crossover suppressed. (b) Two examples of late pachytene cells in worms bearing heterozygous eT1 
translocations. RAD-51 foci are indicated as red dots. 
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stage in yeast (Allers and Lichten, 2001; Hunter and Kleckner, 2001). No RAD-51 spots 
were present in DSB-deficient spo-11 mutant worms, confirming evidence from other 
organisms that RAD-51 protein is associated with meiotic DSBs only (for review see 
(Masson and West, 2001). Similarly, we did not find RAD-51 spots in mre-11 mutants, 
confirming that C. elegans MRE-11 is required to produce or to process meiotic DSBs. 
The timing of RAD-51 focus formation resembles the situation in budding yeast where 
Rad51 dissociates from chromosome axes during incipient SC formation (Bishop, 1994). 
Similarly, immunolabeling of RAD-51 in a variety of organisms has in general revealed 
similar dynamics: appearance in leptotene or zygotene, maximal abundance in zygotene, 
and reduction in pachytene (Ashley et al., 1995; Barlow et al., 1997a; Franklin et al., 
1999; Moens et al., 1997; Plug et al., 1996; Tarsounas et al., 1999; Terasawa et al., 1995). 
 
RAD-51 foci are remarkably rare in C. elegans wild-type meiosis 
In budding yeast, mouse, lily and maize, several tens to hundreds of RAD-51 foci were 
counted in leptotene to early pachytene nuclei where they decorate the axes of 
unsynapsed chromosomes (Ashley et al., 1995; Bishop, 1994; Franklin et al., 1999; 
Tarsounas et al., 1999; Terasawa et al., 1995). In lily and mouse it was shown that RAD-
51 foci colocalize with early nodules (Anderson et al., 1997; Tarsounas et al., 1999) that 
mark the sites of first convergence of homologs undergoing presynaptic alignment . In 
Saccharomyces cerevisiae it has been proposed that the axial elements of homologs 
converge and synapsis initiates at the sites of interchromosomal recombination(Agarwal 
and Roeder, 2000; Chua and Roeder, 1998). The observed number of these sites (~57 as 
scored by the localization of Zip3p; (Agarwal and Roeder, 2000) corresponds well with 
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the maximum number (64) of RAD-51/Dmc1p foci (Bishop, 1994) although both are less 
frequent than the estimated mean number of 75–90 crossovers per nucleus (Agarwal and 
Roeder, 2000; Jacobson et al., 1975), not to speak of recombination events if non-
crossover outcomes are included. However, this difference could be explained by the 
tendency of RAD-51 foci to fuse and/or by the asynchronous occurrence of RAD-51 foci.  
Compared with the organisms mentioned, the number of meiotic RAD-51 foci per 
nucleus (0–11) is remarkably low in C. elegans, and on average there may be less than 
one focus per chromosome that can be observed at any given time. Asynchronous 
formation or conglomeration of DSBs/RAD-51 foci may only partially explain their 
sparseness. It is tempting to speculate that in C. elegans, since there is no requirement for 
DSBs to promote SC formation, only relatively few DSBs occur in addition to those that 
are resolved as crossovers and result in the six chiasmata per cell. On the other hand, we 
observed up to 35 RAD-51 spots in synapsis-defective mutants and up to 20 RAD-51 
spots in translocation strains where approximately 20% of the genome does not form 
homologous SCs. This increased number of RAD-51 foci might be due to the 
accumulation of RAD-51 foci in the continued absence of synapsis (see below). 
 
RAD-51 foci are removed from homologously synapsed chromosomes 
RAD-51 foci accumulate in pachytene cells that are incapable of homologous synapsis 
due to the depletion of him-3, rec-8 and syp-1 (MacQueen et al., 2002; Pasierbek et al., 
2001; Zetka et al., 1999). In addition, it has been shown for him-3 and syp-1 hypomorphs 
that they are severely defective in meiotic recombination(MacQueen et al., 2002; Zetka et 
al., 1999). These results are in accord with previous experiments from budding yeast 
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where RAD-51 foci persist in mutants devoid of an SC (Bishop, 1994). Our data also 
demonstrate that meiotic DSBs originate independently of SC formation and they are 
compatible with the evidence derived from other organisms that in the wild type DSB 
formation and processing by a RAD-51-dependent pathway precede synapsis (Bishop, 
1994). In addition, the appearance of RAD-51 foci in leptotene/zygotene nuclei in wild-
type C. elegans confirms that DSB formation occurs prior to chromosome synapsis, 
although it is not a precondition for the latter in this organism (Dernburg et al., 1998). 
RAD-51 spots, mostly arranged in clusters, also persisted into pachytene in the 
two heterozygous translocation strains investigated. Crossing over does not occur in the 
translocated chromosome regions, for which reason they are widely used as genetic 
balancers (Edgley et al., 1995). We suspect that RAD-51 spots remain attached to the 
affected arms because they do not synapse homologously. There is evidence from 
electron microscopy that synapsis, which is initiated in the homologous (homology 
recognition region-bearing) portions of translocation chromosomes, continues into the 
adjacent non-homologous regions, since Goldstein 1986 reported the presence of six 
linear, unforked SCs in a heterozygous translocation strain. This raises the possibility that 
some of the regions where RAD-51 foci persist are non-homologously synapsed, which 
would mean that synapsis needs to be homologous for RAD-51 foci to disappear. Thus, 
our experiments suggest that within the framework of homologous SCs, DSBs are subject 
to recombinational repair and are no longer a substrate of RAD-51. 
While RAD-51 foci form in mutants that do not initiate synapsis, we did not 
observe RAD-51 foci in the chk-2 mutant where initial homology recognition (as 
indicated by presynaptic alignment) fails (MacQueen and Villeneuve, 2001). Thus, unlike 
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in budding yeast where the initiation of recombination is independent of the interaction of 
homologs (de Massy et al., 1994; Gilbertson and Stahl, 1994) successful homology 
recognition might be a precondition for DSB formation or RAD-51 recruitment to DSBs 
in C. elegans. 
 
Double-strand breaks do not necessarily trigger apoptosis 
Our rad-51 deletion mutant displayed an elevated level of germ cell death, which triggers 
the DNA damage-dependent, p53-suppressible apoptotic pathway, presumably as a 
consequence of unrepaired meiotic DSBs. Thus, similar to mammalian systems, meiotic 
failure can trigger a DNA damage checkpoint pathway that requires p53 for the activation 
of programmed cell death (Barlow et al., 1997b). On the other hand, in him-3(RNAi) and 
rec-8(RNAi) synapsis-defective worms and in worms bearing translocation chromosomes, 
where RAD-51 foci accumulate, programmed cell death is not elicited. These results 
imply that the C. elegans pachytene checkpoint does not respond to all DSBs. 
Furthermore, our results suggest that the pachytene checkpoint does not sense the failure 
to synapse homologous chromosomes properly.  
 
Depletion of RAD-51 causes diffuse chromatin and univalent formation in diakinesis 
Analysis of diakinesis nuclei of rad-51 mutants revealed a variable phenotype mostly 
comprising diffuse masses of chromatin that were difficult to tell apart. This phenotype 
was similarly observed by the depletion of rad-51 by RNAi (Rinaldo et al., 2002; 
Takanami et al., 1998). Quite often six diffuse masses of chromatin could be discerned, 
indicating the formation of bivalents. This result is remarkable, because the rad-
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51(lg08701) allele has to be considered a null mutation and the phenotype of rad-
51(lg08701) could not be enhanced by rad-51(RNAi). After the disappearance of the SC 
at the end of pachytene, homologous contacts are believed to rely on the exchange of 
DNA strands at incipient chiasmata. The occurrence of bivalent-like structures in C. 
elegans suggests that, whatever kind of DNA interactions are taking place in the absence 
of RAD-51, they are sufficiently robust to maintain the physical association between the 
majority of homologs. Although the diffuse appearance of diakinesis chromatin has been 
interpreted as a condensation defect, it possibly could also arise due to massive DNA 
fragmentation that occurs due to the generation of many meiotic DSBs that cannot be 
repaired in rad-51 mutants. This notion is supported by the recent finding of Rinaldo et 
al. 2002 according to which the diffuse appearance of pachytene chromatin is suppressed 
in rad51(RNAi) spo-11 and rad51(RNAi) mre-11 strains, which contain nicely condensed 
univalents, presumably because they fail to generate meiotic DSBs. Furthermore, 
irradiated diakinesis nuclei of mre-11 worms look similar to rad-51, likely because 
breaks that are generated upon irradiation cannot be repaired (Chin and Villeneuve, 
2001). If one assumes that many spo-11-dependent DSBs per chromosome are generated 
during meiosis, one can also explain the 100% lethality we observed in the progeny of 
rad-51 worms. In this case, embryonic lethality would not only be caused by aneuploidy 
due to random meiotic chromosome segregation (that would by chance result in rare 
surviving embryos with a correct chromosome set), but also by abundant chromosome 
breaks that are generated by SPO-11 but cannot be repaired properly in the absence of 
RAD-51. Since we occasionally observed 12 nicely formed univalents in very old rad-51 
worms, we speculate that in old worms where oocytes are not fertilized anyway, the 
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incidence of SPO-11-generated DSBs is reduced. 
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7.3 “Multiple genetic pathways involving the C. elegans Bloom’s 
syndrome gene him-6, mre-11, rad-51 and top-3 are needed to maintain 
genome stability in the germ line.” 
 
7.3.1 Introduction 
Mutations in three genes encoding human recQ helicases BLM, WRN and recQ4 are 
associated with distinct clinical disorders namely Bloom’s syndrome (BS), Werner’s 
syndrome (WS) and Rothmund-Thomson syndrome (RTS) (Ellis et al., 1995; Kitao et al., 
1999; Yu et al., 1996), respectively. BS is characterized by an elevated risk for a wide 
variety of cancers, immunodeficiency, slow growth, male sterility and female sub-fertility 
(German, 1993). Furthermore, BS cells exhibit a hyper recombination phenotype, greatly 
enhanced reciprocal exchanges between sister chromatids, as well as chromatid gaps and 
breaks. These phenotypes are consistent with recent evidence from Drosophila that BLM 
might be required for synthesis dependent double strand annealing (SDSA) (Adams et al., 
2003). WS and RTS are both associated with cancer predisposition, and WS with 
premature aging (Shen and Loeb, 2000; Vennos and James, 1995). The fact that patients 
suffering from these syndromes are prone to develop cancers shows the importance of the 
role played by the RecQ family of helicases in the maintenance of genome stability and 
the prevention of tumorogenesis. 
The prototypic recQ helicase is E. coli RecQ. RecQ is a component of the RecF 
pathway, which is a pathway required for recombinational repair, essential for nearly all 
non-double strand break recombination in E. coli (Nakayama et al., 1985; Smith, 1991). 
Because of its helicase activity that can unwind DNA at broken ends, the RecQ protein 
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together with the RecJ 5´-3´ nuclease was proposed to act as functional analogs of the 
RecBCD helicase/nuclease in the RecBCD pathway during recombination repair 
(Harmon and Kowalczykowski, 1998).  
In budding yeast, Sgs1p plays a key role in regulating mitotic recombination and 
functions in the S-phase checkpoint response (Frei and Gasser, 2000a; Watt et al., 1996). 
When expressed in yeast, the human BLM and WRN proteins are able to partially 
suppress the mitotic recombination defects of sgs1 mutants (Yamagata et al., 1998), 
suggesting that the function of Sgs1p and its human counterparts are evolutionarily 
conserved. The phenotype of sgs1 mutants includes a slight reduction in growth rate, a 
10-fold increase in chromosome missegregation, an elevated mitotic recombination 
frequency, a high sensitivity to methyl methanesulfonate (MMS) and hydroxyurea (HU) 
(Frei and Gasser, 2000b; Yamagata et al., 1998) and premature aging as a consequence of 
an increased number of extrachromosomal rDNA circles in the cell (Gangloff et al., 
1994; Sinclair and Guarente, 1997; Watt et al., 1995; Watt et al., 1996). More recently, it 
was found that sgs1 mutants display defects related to meiotic recombination (Gangloff et 
al., 1999). In addition, Sgs1p acts redundantly with the budding yeast helicase Srs2p, 
which has been shown to inhibit loading of Rad51p onto ssDNA in vitro (Krejci et al., 
2003). In vitro, Sgs1p interacts physically with Top3p (Gangloff et al., 1994). Top3p is a 
type I topoisomerase that catalyses passage of two DNA double strands through each 
other for two consecutive break and rejoining cycles, one single strand at a time (Wang, 
2002). In humans, an association between BLM and topoisomerase IIIα was observed in 
somatic and meiotic cells. The importance of this association was corroborated by their 
interaction in vitro (Johnson et al., 2000; Wu et al., 2000). In budding and fission yeast 
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mutations in sgs1 act as suppressors of the slow growth phenotype of top3 (Gangloff et 
al., 1994; Laursen et al., 2003). It has been proposed that Top3p acts on substrates created 
by Sgs1p. Similarly to Sgs1p, Top3p is involved in regulating the levels of mitotic 
recombination(Gangloff et al., 1994). 
To better understand the in vivo function of the Blooms syndrome gene as well as 
its genetic interactions with top-3, mre-11 and rad-51 in a multicellular system we 
undertook a comprehensive analysis of the mitotic and meiotic roles of the C. elegans 
ortholog of the human Blooms syndrome RecQ-like helicase. C. elegans provides several 
advantages to study the function of the BLM ortholog. It is a multicellular animal that 
circumvents intrinsic complications of mammalian systems including phenotypes 
associated with gene disruptions of recombination genes like early embryonic lethality or 
programmed cell death at early meiotic stages both of which confound a detailed 
cytological analysis in the respective mutants (Hirao et al., 2000; Lim and Hasty, 1996; 
Luo et al., 2000; Tsuzuki et al., 1996; Yamaguchi-Iwai et al., 1999). Several features of 
the adult C. elegans germ line make it a powerful system for the cytological and genetic 
dissection of meiotic recombination and DNA damage responses. Within the C. elegans 
gonad cells are organized in a highly polarized way. The distal end of the ovotestes 
contains a mitotic stem cell compartment that is followed by cells in different stages of 
meiotic prophase. Within a dissected gonad both mitotic cells as well as distinct stages of 
meiotic chromosome pairing can be observed. In response to DNA damage, checkpoint 
pathways cause cell cycle arrest of mitotic germ cells and apoptotic death of meiotic 
pachytene cells (Ahmed et al., 2001; Gartner et al., 2000; Hofmann et al., 2002; 
Schumacher et al., 2001). 
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There are four recQ-like helicases encoded by the C. elegans genome. Here we 
show that him-6 (for high incidence of males) encode the worm ortholog of the human 
Bloom’s syndrome protein. Homozygous him-6 loss-of-function mutants are radiation 
sensitive and are partially defective in S-phase-checkpoint function and ionising 
radiation-induced apoptotic checkpoint response. him-6 mutants exhibit a decrease in the 
levels of meiotic crossover recombination and an altered pattern of RAD-51 
recombination-foci, suggesting defects in the progression of meiotic crossover 
recombination. him-6, mre-11, and top-3 act redundantly to maintain genome stability in 
mitotic germ cells and, in contrast to the situation in yeast, mutations in both him-6 and 
top-3 lead to mitotic catastrophe during division of the germ cells. Mitotic catastrophe 
and massive accumulation of RAD-51 foci in top-3(RNAi)him-6 worms depend on rad-
51 but not on mre-11 or spo-11. These data as well as the presence of RAD-51 foci in 
irradiated mre-11 worm cells further suggests that mre-11 acts in parallel or downstream 
of rad-51 in repairing double strand breaks. Besides, we also show that topoisomerase 
IIIα by itself acts during meiotic recombination at a step after the initiation of meiotic 
recombination. 
 
7.3.2 Results 
7.3.2.1 him-6 encodes the C. elegans homolog of the human Bloom’s syndrome 
protein 
The two alleles of the him-6, e1423 and e1104, cause phenotypes indicative of meiotic 
defects including a high percentage of males among the viable progeny (10 % and 4.2 % 
respectively) and reduced viability (47 % and 83.4 % viable embryos respectively). A 
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high incidence of XO males among the self-fertilization progeny of XX hermaphrodites 
(known as the Him phenotype) and an increased embryonic lethality can indicate a defect 
in meiotic chromosome segregation. him-6 maps close to the genomic sequence 
(T04A11.6) encoding a RecQ-type of DNA helicase. Since recQ helicases have been 
implicated in genome stability we tested whether or not T04A11.6 corresponds to the 
him-6 locus. Sequence analysis revealed that each of the two alleles e1423 and e1104 had 
a point mutation within the sequence of T04A11.6 (Figure 3-1a). The mutation associated 
with the strong allele, e1423, is a T to A transversion resulting in a premature termination 
of translation at codon 479, half way through the helicase domain, whereas the weaker 
allele, e1104, contains a G to A transition causing G to Q substitution at codon 561, a 
highly conserved position in the helicase domain. Furthermore, a 1687bp deletion in the 
him-6 locus (ok412), recovered by the International C. elegans Gene Knockout 
Consortium (Figure 3-1a), removes 5 exons encoding the entire helicase domain and 
causes reduced viability and a high incidence of males (54 % viable embryos, 11.7 % 
males), comparable to the phenotype of the e1423 allele (47 % viable embryos, 10 % 
males). Altogether these data confirm that T04A11.6 corresponds to him-6. Furthermore, 
they suggest that the severe alleles e1423 and ok412 are null alleles and that the amino 
acid substitution in the e1104 mutant leads to a partial loss of function of the him-6 gene. 
Using RACE (5’ rapid amplification of cDNA ends) and EST sequencing (Kohara, 1996) 
we characterized a 3.1 kb him-6 cDNA trans-spliced to the SL1 splice leader 
(Blumenthal, 1995)(Figure 3-1a). The helicase domain of HIM-6 (accession number 
AY095296) is most similar to that of the human Bloom's syndrome protein, a member of 
the recQ family of DNA helicases (53% of identical amino acids) and is also closely 
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related to other members of the BLM subgroup of recQ helicases including the D. 
melanogaster Dmblm, the S. cerevisiae Sgs1p, the S. pombe RQH1 and the E. coli RecQ 
proteins (Figure 3-1b). Outside the helicase region, HIM-6 show little sequence similarity 
with the Bloom’s syndrome protein except for conserved features, such as an enrichment 
in charged and polar amino acids, especially serines, and patches of acidic residues  
 
 
Figure 3-1 him-6 encodes a recQ-like helicase. (a) him-6 gene structure. The mutation him-6(ok412) is a 
1687 bp deletion of 5 exons. The numbers indicate the nucleotide position in the cosmid T04A11. (b) 
Schematic representation of the members of the BLM subgroup of recQ-like DNA helicase; the name of 
the gene product and the length in aa. is shown on the left and the organism on the right. Helicase domains 
are shown as grey boxes; acidic domains are shown as black boxes. The proteins were arranged by aligning 
the helicase domains. The % values indicate the level of conservation throughout the helicase domain 
between HIM-6 and its counterparts in other organisms. Arrowheads indicate residues mutated in him-6 
alleles: K479Stop in e1423 and G561Q in e1104. HIM-6 accession number: AY095296. 
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(Figure 3-1b) present in the N-terminus. Furthermore domains with low levels of amino 
acid conservation are found at the C-terminus (Morozov et al., 1997), including a putative 
nuclear localization signal (aa 939-954) (Kaneko et al., 1997). In summary, the data 
indicate that him-6 is the C.elegans ortholog of the Blooms syndrome gene. 
 
7.3.2.2 him-6 is required for normal levels of recombination during meiosis 
A Him phenotype coupled to reduced viability is characteristic for mutations causing an 
increased level of chromosome nondisjunction. We have examined whether chromosome 
nondysjunction was due to a decrease in the number of chiasmata, which are the 
consequences of meiotic recombination. In wild-type worms, germ cells proliferate in the 
distal portion of the gonad. After passing through a transition zone marking the onset of 
meiotic prophase, they progress through an extended pachytene region and enter 
diplotene/diakinesis, staying in diakinesis until oocyte maturation is induced (Figure 3-
2a). At the final stage of meiotic prophase six DAPI-stained bodies, corresponding to 
desynapsed homologous chromosomes physically linked by chiasmata are visible (Figure 
3-2b). In him-6 mutants the nuclei contained a mixture of bivalents and achiasmatic 
chromosomes (univalents) that formed smaller stained bodies (Figure 3-2b). The average 
number of DAPI-stained bodies was 6.01±0.01 (n=78) in wild type, 7.36 ± 0.14 (n=50) in 
e1423, 7.22±0.12 (n=60) in ok412 and 6.35 ± 0.09 (n=45) in e1104. This result indicated 
that the high percentage of male and non-viable progeny in the him-6 mutant was caused 
by a reduced number of chiasmata, which are necessary for proper chromosome 
segregation. The reduced number of chiasmata in him-6 mutants suggested a defect in the 
meiotic recombination process. Indeed, a general decrease in the level of meiotic 
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recombination was suggested by previous experiments measuring recombination on 
chromosome I using the severe allele e1423 (Zetka and Rose, 1995b). To further examine 
levels of recombination, we analysed two intervals on chromosomes I and X using the 
e1423 and e1104 alleles (Table 1). In e1104 animals, crossing-over was reduced in only 
one of the four intervals tested. However, for the allele e1423, a 25 % to 50% decrease in 
crossing-over frequency was observed in all intervals tested. The reduction in crossing-
over frequency was consistent with the number of univalents observed in the two alleles 
and with the idea that the loss of function of him-6 causes decreases in the level of 
meiotic crossing-over. 
A second approach to analyse meiotic recombination was used. We dissected 
intact germ lines from worms and stained the germ cells with an antibody against RAD-
51. RAD51 is a member of the recA-strand exchange protein family and catalyses the 
invasion of DNA single-strand overhangs into a recipient double-stranded DNA initiating 
recombination (Bishop et al., 1992; Rinaldo et al., 2002; Roeder, 1997; Takanami et al., 
1998). RAD-51 foci are indicative of ongoing meiotic recombination in C. elegans (Alpi 
et al., 2003). They start to appear in transition zone nuclei and reach their maximal 
abundance in early pachytene nuclei in wild type and him-6 animals carrying the 
mutations e1423 and ok412 (Figure 3-2c). However, unlike in wild-type worms RAD-51 
foci often persist in late pachytene in him-6 mutant worms and accumulate prominently 
in him-6 worms containing two or more univalent in diakinesis (Figure 3-2c). To test 
whether defects in chromosome pairing and SC formation may be responsible for the 
persisting RAD-51 foci in him-6 mutants, we stained the germ line nuclei with an 
antibody against HIM-3, a meiotic chromosome core component (Zetka et al., 1999). 
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Figure 3-2 Meiotic phenotypes of him-6. (a) Wild type gonad (left panel) and him-6(e1423) gonad (right 
panel) stained with DAPI, which show a normal progression of the germ cells through meiotic prophase. 
(b) Wild type oocyte at diakinesis stained with DAPI: six stained bodies can be observed corresponding to 
the six sets of homologous chromosomes attached by chiasmata, him-6(e1423) oocyte and him-6 (ok412) 
oocyte: more than six structures are present, which correspond to a mix of bivalents and univalents. (c) 
Meiotic prophase nuclei stained with anti-RAD-51 antibody (red) and DAPI (blue) The RAD-51 
immunostaining reveals similar foci pattern in wild type and him-6(e1423) transition zone and early-mid 
pachytene nuclei. Foci are absent from late pachytene nuclei in wild type, but persist in the him-6(e1423) 
mutant. (d) Meiotic prophase nuclei stained with anti-HIM-3 antibody (green) and DAPI (red). The 
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staining revealed no pairing defects in the transition zone and pachytene nuclei of the him-6 mutant. MZ: 
mitotic zone, TZ: transition zone, EMP: early-mid pachytene, LP: late pachytene, P: pachytene, DK: 
diakinesis. Scale bars: 10 µm. 
 
We observed no obvious abnormalities in the transition zone or pachytene nuclei of the 
him-6 mutant (Figure 3-2d). To distinguish, whether the RAD-51 foci observed during 
meiosis in him-6 animals are dependent on the SPO-11 nuclease or if they were inherited 
as double strand breaks generated in premeiotic S-phase, we analysed the distribution of 
RAD-51 foci in spo-11(ok79)him-6(e1423) worms. The absence of SPO-11 specifically 
blocks the initiation of meiotic recombination and causes extensive meiotic chromosome 
missegregation (Dernburg et al., 1998; Roeder, 1997) resulting in almost no viable 
progeny. In wild-type animals, RAD-51 recruitment depends on meiotic DSBs and 
virtually no RAD-51 foci are detected during meiosis in spo-11 mutant animals (Alpi et 
al., 2003). Likewise, in spo-11 him-6 double mutants, no RAD-51 staining was observed 
(data not shown), suggesting that RAD-51 foci in him-6 worms are spo-11 dependent and 
that meiotic double strand breaks occur in him-6 mutants. Altogether our observations 
suggest that him-6 is necessary for normal levels of crossing-over recombination and 
functions during a late step in this process. 
 
7.3.2.3 him-6 has defects in response to DNA damage 
The budding yeast Sgs1p was shown to function during the S-phase checkpoint whereas 
in fission yeast Sgs1p homolog has no S-phase checkpoint function (Frei and Gasser, 
2000b; Stewart et al., 1997). The role of BLM in this process in mammalian cells is still 
unclear (Bjergbaek et al., 2002). To determine whether HIM-6 is needed in response to 
 103
DNA damage we exposed L4 larvae to increasing levels of γ-irradiation and scored the 
survival rate of the progeny as described previously (Gartner et al., 2000). We found that 
him-6 mutants show an enhanced sensitivity to irradiation (Figure 3-3a). In addition, we 
tested whether germ cell apoptosis (of meiotic pachytene cells) and mitotic germ cell 
cycle arrest are induced in response to genotoxic stress in him-6 mutants (Gartner et al., 
2000). him-6(e1423) and him-6(ok412) animals showed attenuated levels of programmed 
cell death within 6 hours after irradiation (Figure 3-3b and data not shown). However, 
programmed cell death reached almost wild-type levels 36 hours after irradiation (data 
not shown). 
 
Figure 3-3 Figure 3. him-6 mutants are defective in responding to DNA damage. (a) him-6 germ cells 
are more sensitive to γ-irradiation. To compare the irradiation sensitivity (IR-sensitivity curve) of the 
mutant the survival rate of N2, him-6(e1423) and him-6(ok412) are set to 100 at 0 Gy, although the survival 
rate of the him-6(e1423) and him-6(ok412) progenies is only 21 % and 36 % respectively. (b) him-6(e1423) 
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mutant show decreased germ cell apoptosis. Late stage L4 hermaphrodites were exposed to 0, 60 and 120 
Gy of γ-irradiation and apoptosis was scored after 2, 4 and 6 hr later as described in Gartner et al. (Gartner 
et al., 2000). The y-axis indicates the number of dead cells (cell corpses) per gonad arm. (c) him-6 germ 
lines are sensitive to hydroxyurea (HU). him-6 and wild type worms were grown on plates containing 0 
mM, 1 mM, 5 mM, 10 mM or 25 mM of HU. Cell cycle arrest was measured by counting the average 
number of cells in a defined volume of the germ line. The him-6 mutants show a higher number of germ 
cells upon HU treatment compared to wild type. (d) Normaski pictures of wild type and him-6(e1423) 
mitotic zones exposed to 0 mM and 5 mM HU. him-6(e1423) has more mitotic nuclei when exposed to 5 
mM HU due to a defect in cell cycle arrest. 
 
We did not observe any defects in cell cycle arrest in response to radiation by 
mitotic germ cells (data not shown). We tested whether him-6 worms were defective in 
the S-phase checkpoint by growing them on plates containing hydroxyurea (HU), a drug 
that leads to the depletion of dNTP pools (Dasika et al., 1999). Cell cycle arrest was 
measured by counting the average cell number in a defined volume of the germ line, 
which is indicative of cell cycle progression (wild type cells transiently stop dividing in 
response to HU but S-phase checkpoint defective cells continue to proliferate) (Ahmed 
and Hodgkin, 2000; Alpi et al., 2003; Gartner et al., 2000). Both him-6(ok412) and him-
6(e1423) mutants showed a partially defective cell cycle arrest in response to HU 
treatment as revealed by the elevated number of mitotic germ cells and their smaller size 
upon HU (Figuress 3-3c and 3-3d). To test whether him-6 is also required to repair 
double strand breaks in normally proliferating mitotic germ cells we scored for the 
number of RAD-51 foci in untreated animals. The average number of RAD-51 foci was 
2.3±0.3 in wild type, 6.6±1.0 in him-6(e1423) and 7.6±0.9 in him-6(ok412) per hundred 
mitotic germ cells. Thus, RAD-51 is already recruited during the proliferation of the 
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germ line in him-6 mutants suggestive of elevated levels of double strand breaks, or the 
failure to process double strand breaks. Taken together, these results indicate that him-6 
is needed for efficient DNA repair and that him-6 mutants are partially defective in 
activating DNA damage checkpoint responses. 
 
7.3.2.4 Combined depletion of HIM-6 and TOP-3 leads to mitotic catastrophe, which 
is suppressed by the loss-of-function of rad-51 
Since HIM-6 was shown to interact genetically and physically with topoisomerase IIIα, 
we were interested to further analyse the genetic interaction (Kim et al., 2002). Kim et al. 
(2002) had demonstrated that top-3(RNAi);him-6(e1104) germ cells showed severe 
chromosome abnormalities and were arrested during mitosis. We observed a similar 
phenotype for top-3(RNAi);him-6(e1423) animals (Figure 3-4a). In top-3(RNAi);him-
6(e1423) using RAD-51 antibody, we detected a dramatic increase of RAD-51 foci as 
well as intense nuclear staining (Figure 3-4b). The increased number of RAD-51 foci in 
the mitotic zone of him-6(e1423) (6.6±1.0 foci per 100 nuclei) and top-3(RNAi) 
(47.8±6.7 foci per 100 nuclei) worms compared to wild-type animals (2.3±0.3 foci per 
100 nuclei) suggested elevated levels of DSBs in mitotic germ cells of the respective 
single mutants (Figure 3-4c). We tested if the DSBs were the result of SPO-11 or RAD-
51 activity by comparing top-3(RNAi);spo-11(ok79)him-6(e1423) and top-3(RNAi);rad-
51(lg08701)him-6(e1423) worms. Mutation in rad-51 but not spo-11 completely 
suppressed the top-3(RNAi);him-6(e1423) phenotype (Figure 3-4d and data not shown). 
The data indicate that the severe defects observed in the top-3(RNAi);him-6(e1423) 
worms result from RAD-51 function and not on SPO-11 activity. Thus, we propose that 
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RAD-51 is involved in the generation of toxic recombination intermediates that form in 
the combined absence of HIM-6 and TOP-3 during the proliferation of mitotic germ 
cells. 
 
 
Figure 3-4 top-3(RNAi);him-6(e1423) worms show mitotic catastrophe and massive RAD-51 
recruitment in the germ line. The defects are suppressed by mutation in rad-51. (a) top-3(RNAi);him-
6(e1423) gonad stained with DAPI, which shows germ line nuclei with severe chromosomal abnormalities. 
(b) top-3(RNAi);him-(ok412) gonad stained with DAPI (blue) and anti-RAD-51 antibody (red). (c) Mitotic 
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germ nuclei of wild-type, him-6(e1423) and top-3(RNAi) worms stained with DAPI (blue) and anti-RAD-
51 antibody (red), which revealed a higher number of RAD-51 foci compared to wild type. (d) top-
3(RNAi);rad-51(lg08701)him-6(e1423) gonad stained with DAPI, which shows a normal proliferation of 
the germ line nuclei and a normal progression through meiotic prophase. Scale bars: 10 µm. 
 
7.3.2.5 mre-11 acts downstream or in parallel of rad-51 in the processing of double 
strand breaks  
The suppression of the top-3(RNAi);him-6 mitotic catastrophe by mutant rad-51 
prompted us to analyse whether or not  mutation in mre-11 would suppress the top-
3(RNAi);him-6(e1423) phenotype. Studies in C. elegans and other organisms have shown 
that the MRE-11 nuclease is required for generating double strand breaks during meiotic 
recombination and for an early step of mitotic DNA repair (Chin and Villeneuve, 2001; 
D'Amours and Jackson, 2002a; Haber, 1998). In yeast, Mre11p promotes genome 
stability through several pathways, including homologous recombination dependent 
repair and non-homologous end joining (Haber, 1998). It is not however required for 
repair of HO-induced double strand breaks as mre-11 mutants defective in nuclease 
activity are able to repair these (Furuse et al., 1998; Moreau et al., 2001; Tsubouchi and 
Ogawa, 2000). We examined the gonads of top-3(RNAi);him-6(e1423);mre-11(me41) 
animals and observed severe defects comparable to those observed in top-3(RNAi);him-
6(e1423) animals (Figure 3-5a). These data suggested that MRE-11, unlike RAD-51, 
cannot suppress the mitotic catastrophe of top-3 (RNAi);him-6(e1423) worms. The data 
are consistent with the suggestion that the MRE-11 nuclease functions in a pathway 
distinct from, or downstream of RAD-51. To seek independent confirmation of this 
hypothesis we generated double strand breaks in mitotic germ cells by ionising radiation 
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and analysed the effect of MRE-11. 12 hours after ionising radiation we scored for RAD-
51 foci, which are indicative of processed double strand breaks, and observed that the 
number grew with increasing doses of radiation. RAD-51 foci  
 
Figure 3-5 Loss-of-function of mre-11(me41) does not suppress mitotic catastrophe in top-
3(RNAi);him-6(e1423) worms. (a) DAPI stained top-3(RNAi);him-6(e1423) mre-11(me41) gonad. (b) 
Mitotic zone nuclei of irradiated wild-type and mre-11(me41) animals show similar number of RAD-51 
foci (c) Mitotic zone of him-6(e1423);mre-11(me41) worms. Scale bars: 10 µm. 
 
accumulated in cell cycle arrested nuclei but disappeared in cells that resumed cell cycle 
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progression (Figure 3-5b). When we analysed RAD-51 foci in mre-11 mutant worms we 
found a slightly higher number of RAD-51 foci as compared to wild type worms (see 
below), indicating that MRE-11 processing is not required for the formation of RAD-51 
foci once a break occurs. These results suggest that MRE-11 acts in parallel or 
downstream of RAD-51 in repairing double strand breaks. To test whether MRE-11 is 
required in concert with HIM-6 to repair double strand breaks in normally proliferating 
mitotic germ cells we scored for the number of RAD-51 foci in him-6(e1423);mre-
11(me41) worms in comparison to him-6(e1423) and mre-11(me41) single mutant 
worms. While him-6(e1423);mre-11(me41) mutant animals exhibited a phenotype similar 
to that of mre-11(me41) single mutant animals (Chin and Villeneuve, 2001) (normal cell 
proliferation and subsequent progression through meiotic prophase, with 12 univalents at 
diakinesis, data not shown), him-6 mre-11 double mutants had more RAD-51 foci than 
either single mutant or wild type animals (wild type 2.3±0.3 foci, him-6(e1423): 6.6±1.0 
foci, and mre-11(me41): 8.7±2.1 foci per 100 nuclei) and (him-6(e1423); mre-11(me41): 
26.6±2.6 foci per 100 nuclei) (Figure 3-5c). These results indicate that mre-11 and him-6 
contribute to genome stability in proliferating germ cells by different pathways as their 
combined depletion leads to increased levels of double strand breaks. 
 
7.3.2.6 Topoisomerase IIIα also acts at a late stage of meiotic recombination 
In C. elegans TOP-3 is required for fertility. top-3(RNAi) worms had a variable 
phenotype ranging from normal to completely sterile worms (Kim et al., 2000). In gonads 
of top-3(RNAi) animals, the prophase nuclei persist in a transition and/or early pachytene 
zone-like morphology and only reach full pachytene morphology late during meiotic 
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prophase (Figure 3-6a) (Kim et al., 2000). We studied the RAD-51 staining pattern in 
nuclei of the transition zone in top-3(RNAi) worms and found a large number of RAD-51 
foci (Figure 3-6b). The increased number of RAD-51 foci in the transition zone indicated 
that DSBs are accumulating in top-3(RNAi) worms early in meiotic prophase. The data 
are consistent with the suggestion that top-3(RNAi) worms are defective in processing 
meiotic recombination intermediates. 
 
Figure 3-6: top-3(RNAi) worms show defects, which depend on meiotic recombination. (a) top-
3(RNAi) gonad stained with DAPI, which revealed an extended transition zone. (b) Transition zone nuclei 
stained with an anti-RAD-51 antibody (red) and DAPI (blue). top-3(RNAi) nuclei show a increased number 
of RAD-51 foci compared to wild type. (c) top-3(RNAi);spo-11(ok79); gonad stained with DAPI, which 
show a normal progression of the germ nuclei through meiotic  prophase. (d) RAD-51 foci are absent from 
top-3(RNAi);spo-11(ok79); nuclei in the transition zone and in early pachytene. (e) top-3(RNAi);rad-
51(lg08701) gonad stained with DAPI, which shows a normal proliferation of the germ line nuclei and a 
normal progression through meiotic prophase. Scale bars: 10 µm. 
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The hypothesis is supported by the finding that nuclei in top-3(RNAi);spo-
11(ok79) double mutants progress normally through meiotic prophase, but in fewer 
numbers (Figure 3-6c). Furthermore, the large amount of RAD-51 foci observed at the 
transition zone of top-3(RNAi) worms were absent from top-3(RNAi);spo-11(ok79) 
worms, indicating that the accumulation of DSBs at the transition zone was dependent on 
spo-11. rad-51 acts after spo-11. In the absence of RAD-51 function, we found that top-
3(RNAi);rad-51(lg08701) animals had a normal progression through meiotic prophase 
(Figure 3-6d). Based on these results we concluded that RAD-51 activity is responsible 
for the top-3 mutant delayed progression through prophase and that TOP-3 acts after 
SPO-11 and RAD-51. The reduced number of germ line nuclei in top-3(RNAi);spo-
11(ok79) worms may result from a further role for TOP-3 in the (mitotic) proliferation of 
the germ line (see above) 
 
7.3.3 Discussion 
In this paper, we show that him-6 encodes for the C. elegans homolog of the mammalian 
Blooms syndrome gene. him-6 partially contributes to DNA damage checkpoint 
signalling in response to ionising radiation and in S-phase checkpoint regulation in the 
germ line. We propose that during mitotic cell divisions him-6 acts redundantly with top-
3, downstream of rad-51 to process lesions generated during normal mitotic germ cell 
divisions (Figure 3-7). Furthermore, mre-11 is likely to act in parallel to-, or downstream 
of rad-51 to process double strand breaks (Figure 3-7). During meiotic recombination 
him-6 together with top-3 act downstream of spo-11, mre-11 and rad-51 (see below) 
during the initiation of meiotic recombination (Figure 3-7). 
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HIM-6 has checkpoint function in the germ line 
him-6 mutant worms show an enhanced sensitivity to ionising radiation indicating that it 
plays a role in DNA repair. In addition, we observed a partial checkpoint defect in 
responding to HU and to ionising irradiation induced germ cell death in him-6 worms. A  
function of recQ helicases in the DNA damage response pathway was already suggested 
in other organisms but was not observed universally. sgs1 deficient budding yeast cells 
are partially defective  to arrest S-phase progression in response to hydroxyurea (Frei and 
Gasser, 2000b; Yamagata et al., 1998). Human Bloom’s -/- cells on the other hand 
respond normally to HU (Ababou et al., 2002). Similarly, S. pombe cells lacking the 
recQ-like helicase Rqh1p react normally to hydroxyurea but are defective in the recovery 
from S-phase arrest when exposed to HU (Stewart et al., 1997). It is likely that recQ-
dependent damage checkpoint responses are mediated by functionally redundant or 
overlapping pathways. In C. elegans we observe only partial checkpoint defects in him-6 
worms. Similarly, irradiation induced apoptosis and G2/M cell cycle arrest is only 
partially compromised in human Bloom´s -/- cells (Ababou et al., 2002; Wang et al., 
2001). It was recently shown that HIM-6 physically interacts with the C. elegans ATR 
homologue whose inactivation by RNAi leads to defective checkpoint processes in 
response to ionising radiation (Boulton et al., 2002) as well as to hydroxyurea (Anton 
Gartner, unpublished observation). Therefore, it is conceivable that HIM-6 acts together 
with the ATM/ATR-like kinases to affect DNA damage checkpoint responses. 
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TOP-3 and HIM-6 act together to prevent deleterious recombination during the 
mitotic cell proliferation in the germ line 
top-3(RNAi);him-6(e1423) germ lines display some profound defects, including a 
reduced number of germ line nuclei. The chromatin of these nuclei appears to be 
disorganized and sometimes fragmented, and RAD-51 foci massively accumulate, a 
strong phenotype that is suppressed by the absence of RAD-51 but not by the absence of 
MRE-11 or SPO-11. The results suggest that HIM-6 and TOP-3 act redundantly 
downstream of RAD-51 but not of MRE-11 to process recombination intermediates that 
result from double strand breaks occurring spontaneously in normally proliferating 
mitotic germ cells (Figure 3-7b). The presence of an increased number of RAD-51 foci in 
the mitotic zone of him-6 and top-3 single mutant worms suggests that HIM-6 and TOP-3 
are involved the processing of recombination intermediates. In the absence of HIM-6 and 
TOP-3 recombination intermediates may be formed that can not be processed and 
therefore result in massive genomic instability and that could lead to the defects observed 
in top-3(RNAi);him-6(e1423) germ line nuclei. Once double stand breaks are generated 
and processed by RAD-51, we propose that cells path through a “point of no return” that 
precludes alternative repair pathways (Figure 3-7b). Accordingly, in the absence of RAD-
51, toxic recombination intermediates cannot be formed and double strand breaks that 
form in the absence of RAD-51 may be processed by alternative repair pathways such as, 
e.g., end joining.  
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Figure 3-7 Genetic model for him-6 in meiotic (a) and mitotic (b) homologous recombination. See 
discussion for details. 
 
The genetic interactions between him-6 top3 and rad-51 differ from those 
observed with the corresponding mutations in S. cerevisiae and S. pombe. In yeast it was 
shown that Sgs1p as well as other recombination proteins suppress the slow growth 
phenotype and the retarded cell cycle progression of top3 mutants (Gangloff et al., 1994). 
It is assumed that Sgs1p generates DNA structures during replication or repair that need 
TOP-3 or other recombination proteins to be resolved. In C. elegans top-3(RNAi);him-
6(e1423) mutants display synergistic defects. What might be the reason for the 
differences observed in the yeast and worm system? It is likely that him-6 and top-3 act 
redundantly to prevent the illegitimate accumulation of toxic recombination intermediates 
that occur as a consequence of mistakes happening during normal S-phase progression. 
According to this model, inactivation of rad-51 function would bypass the combined 
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defects of top-3;him-6 worms by preventing the accumulation of toxic recombination 
intermediates (Figure 3-7b). 
 
MRE-11 might act downstream or in parallel of RAD-51 
The mitotic catastrophe observed in top-3(RNAi);him-6(e1423) worms cannot be 
suppressed by the absence of mre-11. Furthermore, we found that that RAD-51 foci 
accumulate in mitotic germ cells of irradiated mre-11 worms similar to wild type worms. 
We therefore suggest that mre-11 acts downstream or in parallel to rad-51 to process 
double stand breaks that have been generated by ionising irradiation or in the 
top3(RNAi);him-6(e1423) mutant situation (Figure 3-7b). Alternatively, this result could 
also suggest that mre-11 has no role in double strand break repair. We think, however, 
that this is not the case because irradiation of mre-11 worms leads to massive and 
persistent chromosome breakage as indicated by the fragmentation of univalents (Chin 
and Villeneuve, 2001) (and our unpublished observations). The situation is different 
during C. elegans meiosis, where mre-11 plays an essential role in the generation of 
meiotic double strand breaks (Alpi et al., 2003; Chin and Villeneuve, 2001) and budding 
yeast (Cao et al., 1990). The finding that mre-11 acts downstream or in parallel to rad-51 
in recombinational repair is also supported by the finding that RAD-51 foci accumulate 
in irradiated chicken DT40 mre-11-/mre-11- cell lines. Furthermore, it was recently 
reported that in S. pombe cells defective for rad-50, which acts in the same epistasis 
group as mre-11, RAD-51 foci accumulate upon irradiation, albeit at reduced rates 
(Caspari et al., 2002) 
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him-6 is required for normal levels of meiotic recombination 
What might be the function of HIM-6 during meiotic recombination? HIM-6 may play a 
role at the resolution step. In him-6 mutants the rate of meiotic recombination is reduced 
and RAD-51 foci persist in late pachytene, whereas in wild type nuclei of the same stage 
virtually no RAD-51 foci are observed. This phenotype is reminiscent to that of msh-5 
mutants. Genetic and cytological evidence indicated that MSH-5 acts after the initiation 
of recombination. Like MSH-5, HIM-6 could act after the initiation of recombination and 
might be necessary for the resolution of recombination intermediates (Figure 3-7a). 
Additionally, HIM-6 could also play a role at the initiation step of recombination (Figure 
3-7a). In E. coli, it has been shown that recQ can initiate recombination in concert with 
recA and SSB proteins in vitro. It can also initiate recombination in vivo, when the 
recBCD enzyme is rendered non-functional, reviewed in (Kowalczykowski, 2000). 
According to the possibility that him-6 may play an additional role in the initiation of 
meiotic recombination we find a partial rescue of the him-6 meiotic defect upon 
irradiation with low doses of irradiation (Figure 3-3a). In spo-11 worms, where no 
meiotic double strand breaks occur the generation of double strand breaks by ionising 
irradiation partially bypasses the meiotic defects of spo-11 (Dernburg et al., 1998). At 
high radiation doses him-6 worms are more irradiation sensitive than wild type animals, 
whereas at low doses they are equally or even less sensitive (Figure 3-3a). According to 
the idea that him-6 plays a role in the initiation of meiosis, the number of RAD-51 foci in 
the transition zone of him-6 worms often appeared to be reduced. Due to the low base 
line of RAD-51 foci in transition zone nuclei, however, we failed to detect a statistically 
significant difference in RAD-51 foci in wild type and him-6 worms.  
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Whereas the role of eukaryotic RecQ proteins in regulating mitotic recombination 
has been well established, only indirect evidence exists so far implicating RecQ proteins 
in the regulation of meiotic recombination (Wu and Hickson, 2001). The Bloom’s 
syndrome is characterized by male sterility and female sub-fertility and BLM and RAD51 
co-localize in mouse spermatocytes during meiotic prophase (Moens et al., 2000). 
However, unlike in the him-6 mutant, the frequency of meiotic crossing over seems not to 
be affected in blm knockout mice (Luo et al., 2000). In S. cerevisiae, the single RECQ 
homolog (Sgs1p) is not required for the initiation of double strand breaks but seems to be 
needed for the processing of recombination intermediates during meiosis. The first 
meiotic division in sgs1 mutant is delayed and this delay is alleviated in a spo11 minus 
background (Gangloff et al., 1999). As in Blm-deficient mice, however, the frequency of 
meiotic recombination seems to be unchanged in yeast (Gangloff et al., 1999; Watt et al., 
1996), possibly because the meiotic prophase delay compensates for the recombination-
processing deficit. 
 
TOP-3 is required for meiotic recombination 
While studying a possible interaction between HIM-6 and TOP-3, we observed that top-3 
single mutant displayed an interesting phenotype, which was distinct from those resulting 
from the lack of recombination machinery components such as RAD-51 and SPO-11. 
Absence of TOP-3 lead to an accumulation of nuclei at the so-called transition stage and 
this defect was dependent on meiotic recombination, since it was suppressed by 
mutations in spo-11 and rad-51. Furthermore, RAD-51 foci were very abundant in 
transition zone nuclei of top-3 worms, indicating that an increased number of 
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recombination events were initiated but not resolved. These results are consistent with the 
notion that TOP-3 might act downstream of RAD-51 during meiotic recombination 
(Figure 3-7a). Since due to excessive mitotic defects top-3;him-6 worms do not enter 
meiosis we could not study that the effect of this double mutant in meiotic recombination. 
The accumulation of unprocessed double strand breaks in top-3 worms could cause a 
severe delay or even an arrest in the progression through the transition zone. It remains to 
be seen whether the accumulation of transition zone nuclei in top-3 worms depends on 
the DNA damage checkpoint. Since these defects and the abundant RAD-51 foci in the 
transition zone are alleviated by mutation in spo-11, the top-3 mutant phenotype depends 
on the generation of double strand breaks. Indeed, we also observe a similar defect in 
irradiated rad-51 and mre-11 worms where massive levels of double strand breaks are 
generated but can not be repaired (Anton Gartner and Arno Alpi, unpublished 
observation). Our finding thus generalize observations made in yeast suggesting that top-
3 might be required during meiosis in a stage acting after the initiation of meiotic double 
strand breaks (Gangloff et al., 1999). 
 
C. elegans and Bloom’s syndrome 
Bloom's syndrome is mainly associated with somatic phenotypes, such as short stature, 
skin disorders, predisposition to cancer, although the germ line is also affected (German, 
1993). Similarly, we have shown here a role for him-6 during both mitotic division and 
meiosis. The him-6 gene is predominantly expressed in the germ line of C. elegans 
(Reinke et al., 2000) and its loss-of-function has no apparent effect in the soma. 
However, during C. elegans somatic development cells only go through a very limited 
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number of cell divisions before becoming terminally differentiated. This is in contrast to 
the massive proliferation needed in mammalian systems to expand rare stem cells into 
terminally differentiated tissues. Thus, it is not surprising that mechanisms to maintain 
genome stability are more active in the C. elegans germ line, which is continuously 
proliferating. This developmental setting in C. elegans allows for the unique possibility to 
analyse the combined effect of multiple DNA repair associated mutations. Our study 
defined synthetic interactions between C. elegans repair proteins that were not anticipated 
from previous studies in yeasts. Synthetic phenotypes, like those we uncovered for top-
3;him-6 double and top-3;rad-51him-6  triple mutants, might indeed in the long run be 
useful for cancer therapy. For example, in cases where single genes like blm are lost due 
to genomic instability associated with cancer progression, drugs against TOP-3 might 
selectively target cancer cells. 
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8. Materials and methods 
 
8.1 Worm strains 
 
Strains were cultured as described by Brenner (Brenner, 1974). The wild-type strain 
background was Bristool N2. For PART 1 following mutant strains and chromosome 
rearrangements were used: mrt-2(e2664) is described in (Ahmed and Hodgkin, 2000), 
hus-1(op241) in (Hofmann et al., 2002), clk-1(2519), clk-2(qm37), clk-3(qm38), and gro-
1(e2400) are described in detail in (Lakowski and Hekimi, 1996). Mapping of rad-
5(mn159): rad-5-(mn159), whose map position was previously reported near –2 on 
chromosome III, was mapped more precisely using a multifactor cross with the strain 
WS711 dpy-17(e164)ced-6(n1813)mec-14(u55)ncl-1(e1865)unc-36(e251). Dpy-non-Unc 
and Unc-non-Dpy animals were picked in the F2 generation and scored for temperature 
sensitive (ts) lethality at 25°C associated with rad-5(mn159). The number of 
recombinations revealed the approximate map position of rad-5(mn159) between –0.6 
and –0.76. We continued with a refined three factor cross with an unc-36 rad-5 sma-3 
strain that was crossed with the polymorphic CB4854 strain and analysed single 
nucleotide polymorphisms between N2 and CB4854. The two most informative 
polymorphisms were ACA (N2)/T (CB4854) TTTTTTTTTAc on cosmid T21D11 and 
ATAACGTA (N2)/G (CB4854) ATAA on cosmid C03B8 hat allowed placing rad-
5(mn159) between T21D11 and C03B8. Cosmids (provided by the Caenorhabditis 
Genetics Center) were prepared using a QIAGEN plasmid isolation kit followed by a 
Phenol/Chloroform extraction and Ethanol precipitation step. These purified cosmids 
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were injected at ~2.5 ng/µl together with 50 ng/µl pRF-4(rol-6(su1006)). One line 
transformed with a cosmid pool R13A5, C07H6, K07D8 rescued the ts lethal phenotype 
at 25°C. By injections of the single cosmid C07H6 out of this pool and subsequently a 
long PCR product encompassing C07H6.6 and C07H6.8 we rescued the checkpoint 
phenotypes of rad-5(mn159) and clk-2(qm37). Sequence analysis revealed a single point 
mutation in C07H6.6: in rad-5(mn159) a TA to GC transversion, and in clk-2(qm37) a 
CG to TA transition. The rad-5/clk-2 cDNA sequence was determined by analysing the 
apparently full-length EST yk447b4 (kindly provided by Yuji Kohara). 
PART 2: The rad-51 deletion (lg08701) (nucleotides 15810 to 14871 of Y43C5A.6) was 
isolated from a C. elegans deletion library and was kindly provided by Elegene (Munich, 
Germany). rad-51(lg08701) was back-crossed five times with Bristol N2 and marked 
with dpy-13(e184) and balanced by nT1. Balancer strains containing eT1(III;V) 
(BC2200,dpy-18(e364)/eT1 III; unc-46(e177)/eT1 V) and hT1(I;V) (KR1037, unc-
13(e51)/hT1; dpy-11(e224)/hT1(unc-42(e270))V) were provided by the Caenorhabditis 
Genetics Center (Universisty of Minnesota, St. Paul, Minn.). AV112, mre-11(ok179) 
IV/nT1(unc-?(n754)let-?)(IV;V), DR787, dpy-13(e184)ama-1(m118)let-276(m240)/nT1 
IV; +/nT1 V and MT5734, nDf41 IV/nT1(unc-?8n754)let-?)(IV;V) were also obtained 
Caenorhabditis Genetics Center. AV115, msh-5(me23), AV106, spo-11(ok79), and 
AV146, chk-2(me64) strains were kindly provided by A.M. Villeneuve (Stanford 
University, California). 
PART 3: The mutations used in this study were obtained from the Caenorhabditis 
Genetic Centre. LG I: dpy-5(e61), unc-101(m1), unc-54(e190). LG III; glp-1(q224ts). LG 
IV: him-6(e1423), him-6 (e1104), spo-11(ok79), rad-51(lg08701). LG V: mre-11(me41). 
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LG X: unc-1(e719), dpy-3(e27), lon-2(e678), dpy-7(e88), unc-3(e151). The him-6 gene 
has been mapped to linkage group IV, between unc-22 and unc-31. To map him-6 more 
precisely, we used deficiencies in the region to do complementation tests. him-6 failed to 
complement sDf62 but complemented sDf61(Clark and Baillie, 1992). This placed him-6 
between let-93 and let-99, to the right of unc-22. General molecular manipulations 
followed standard protocols (Sambrook et al., 1989). The sequence of the him-6 genomic 
region was established by the C. elegans Sequencing Consortium(Wilson et al., 1994). A 
partial cDNA clone was obtained from Yuji Kohara (National Institute of Genetics, 
Mishima, Japan). The 5' end of the cDNA was isolated by RT-PCR using the Perkin 
Elmer Cetus kit and the conditions described by the manufacturer. The sequence of the 
primers used for amplification were SL1 (5'-GGTTTAATTACCCA-AGTTTGAG-3') 
and RQ-3 (5'-GCTGGCAA-TTGGTAGCAC-3'). Molecular changes in the him-6 alleles 
were identified by sequencing PCR amplified products. All sequence analyses were 
performed with the GCG sequence analysis software package (Genetic Computer Group, 
1991). 
 
8.2. DNA damage response assays 
 
Apoptotic response: The quantification of the apoptotic response in meiotic pachytene 
cells has been described recently in detail by Gartner et al.(Gartner et al., 2000) In brief, a 
synchronize population of L4 worms was treated with different doses of X-rays ranging 
from 0 Gy to 120 Gy and the number of cell corpse in were counted after 12, 24, and 36 
hr after irradiation using Nomarski optics. In an alternative assay synchronous adult 
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animals (24 hr post L4) were irradiated with X-rays and scored for cell corpse after 0, 
1.5, 3 and 6 hr post irradiation. 
Cell cycle arrest response: Radiation induced cell cycle arrest of mitotic germ cell was 
determined as described previously by Gartner et al.(Gartner et al., 2000). In brief, worms 
were irradiated at the L4 stage and analysed 12 hr after irradiation for the appearance of 
enlarged, arrested germ cells in the distal part of the gonad. To quantify the cell cycle 
arrest the number of mitotic germ cell nuclei was scored as follows. We used a grid (net-
microm 12.5 from ZEISS, Germany), which was placed in the ocular of the microscope. 
The number of mitotic germ cells was counted within two square fields screening from 
the top focal plane to the bottom focal plane of the particular region of the gonad. A drop 
in the number of mitotic germ cells within this defined volume was indicative for a cell 
cycle arrest. 
Quantification of S-phase defects: Worms were grown on NGM plates containing 
hydroxyurea (HU) with different concentrations (0, 1, 5, 10, 25 mM HU) starting from 
the L4 stage at 25°C. After 14 hr, the extend of the cell cycle arrest was determined as 
described for the irradiation induced cell cycle arrest by scoring for the number of mitotic 
germ cells in a defined volume. 
Irradiation sensitivity: To score for the X-ray hypersensitivity of single and double 
mutant combinations, young L4´s (grown at 20°C) were irradiated with 30, 60, 90, or 120 
Gy and allowed to lay eggs over a period of 24 hr before they were removed from the 
plate. Survival rate of the offspring was determined by counting hatched versus dead 
embryos. 
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8.3 Determination of the telomere length 
 
To measure telomere length of single out-crossed F2 animals they were allowed to 
produce progeny needed for genomic DNA preparation using a Puregene DNA isolation 
kit (Gentra). HinFI-digested genomic DNA was separated on 0.6% agarose gels at 
1.5Vcm-1, and Southern blotting was carried out using a dioxygenin-dUTP-labelled PCR 
probe according to the manufacturer´s protocols (Boehringer Mannheim). The probe was 
made using T3 and Te12 (5´-GAATAATGAAGAATTTTCAGGC-3´) primers to amplify 
telomeric repeats from the cTel55X plasmid using PCR. 
 
8.4 RNAi 
 
The RAD-51, HIM-3 and SYP-1 proteins were depleted by double-stranded RNA 
interference (RNAi). RNAi mediated depletion of rad-51 was performed as described in 
Gartner et al. by dsRNA injection (Fire et al., 1998). For him-3 RNAi a PCR fragment 
was amplified out of cDNA of N2 worms using the primers 5´-
TAATACGACTCACTATAGGGGCGGCCGCGGCGACGAAA-GAGCAGATTG-
3´and 5´-TAATACGACTCACT-ATAGGGCGGCCGCTCTTCTTCGTAATGCCCT-
GAC-3´, which contains the targeted sequence flanked by the T7 promoter (underlined 
sequence). For syp-1 (F26D2.2) RNAi by injection, dsRNA was produced using the 
primers given by MacQueen et al. (MacQueen et al., 2002) The dsRNA was prepared 
using a Promega kit (Madison, Wis.) in vitro transcription kit. The dsRNA was delivered 
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by injection (~200 µg/ml) into gonads or intestines of young adults as described in Fire et 
al.  
 For REC-8 depletion a cosuppression line was constructed as described by 
Dernburg et al. (Dernburg et al., 2000). In brief, a 3.4 kb PCR product comprising the 
W02A2.6 sequence was amplified from genomic DNA of N2 worms using the following 
primers: 5´-TCTTGAATAGGCTCCTGGGGTGCT-3´and 5´-
ACCGTGCGGCACGAATCGTTTCAT-3´. This fragment was gel-purified, purified by 
phenol/chloroform extraction, and co-injected with rol-6(su1006) marker gene. Offspring 
showing the “roler” phenotype were selected and lines with the rec-8 deficiency 
phenotype were established. The lines used for further experiments were checked each 
time by 4´,6-diamidino-2-phenylindole (DAPI) staining for the preservation of the 
phenotype. Topoisomerase IIIα fragment was amplified from a cDNA clone, which was 
constructed by RT-PCR, using the primers 5’-GAAAAGAGCCTTATTTGTGGCCG-3’ 
and 5’-CCCATTTAAAGAAATTACATTTTTCAG-3’ and cloned into a pGEM-T-Easy 
vector (Promega). This vector was used to synthesize dRNA as described above. 
 
8.5 Production of anti-RAD-51 antibodies 
 
A polymerase chain reaction (PCR) fragment encoding the N-terminal 103 amino acids 
of C. elegans RAD-51 was cloned in frame as a glutathione S-transferase (GST) fusion 
into pGEX-4T-1 (Amersham, Uppsala, Sweden) and as a maltose binding protein (MBP) 
fusion into pMAL-2c (New England BioLabs, Beverly, Mass.). Recombinant GST and 
MBP fusions were expressed in Escherichia coli BL21 CodonPlus (Stratagene, La Jolla, 
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Calif.), purified under native conditions (lysis buffer: 1xPBS, 5 mM DTT, 20 µg/ml 
DNAse,1 mg/ml lysozyme, and protease-inhibitor mix (complete, Mini, EDTA-free, 
ROCHE) by affinity chromatography using Glutathione-Sepharose 4B (Amersham, 
Uppsala, Sweden) and by amylose resin affinity chromatography (New England BioLabs, 
Beverly, Mass.) respectively. The purified GST protein fusion was dialyzed against 1x 
PBS and used for immunization of rabbits (Eurogentech, Seraing, Belgium). For anti-
RAD-51 antibody affinity purification MBP-RAD-51 fusion protein was used. The MBP 
fusion was dialysed against 1xPBS and 2 mg of total protein was covalently bound to an 
Affi-Gel 15 matrix (BioRad, Hercules, Calif.). Crude serum was diluted 1:1 in 20 mM 
TRIS-HCl pH7.5 and pre-cleaned by centrifugation and applied to the column to allow 
for the binding of the antibody. After washing with 10 mM TRIS-HCl, ph7.5 and 10 mM 
TRIS-HCl, ph7.5, 0.5 M NaCl, antibodies were eluted with 100 mM glycin, pH2.5 and 
the eluates were fractionated and immediately neutralized with 1.5 M TRIS-HCl, pH8.0. 
 
8.6 Cytology 
 
Cytological preparations: To prepare whole gonads for fluorescence in situ 
hybridisation (FISH) analysis, hermaphrodites were transferred to a drop (~10 µl) of M9 
buffer (0.3% KH2PO4, 0.6% Na2HPO4, 0.5% NaCl, 1mM MgSO4) placed on a poly-L-
lysine-coated microscope slide (for coating, 3 µl of a 0.1% solution of poly-L-lysine were 
spread out on a clean slide and left to dry at 37°C). The gonads were released by cutting 
worms with a fine injection needle behind the pharynx or in the tail region. An equal 
volume of 7.4% formaldehyde was added, and the material was gently squashed under a 
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cover slip to remove the excess fixative. Slides were then immediately frozen in liquid 
nitrogen for at least 10 min, cover slip was cracked off, and the slides were transferred to 
96% ethanol at –20°C for 5 min and then placed in 1xPBS at room temperature. Slides 
were then dehydrated in an ethanol series (40%, 70%, 96%, 2 min each), air dried, and 
stored in the refrigerator until use for conventional chromosome staining or FISH. For 
subsequent immunostaining, worms were prepared as above. After removal of the cover 
slip, preparations were fixed in a series of methanol, methanol/acetone 1:1, and acetone 
for 5 min at –20°C, and immediately transferred to 1xPBS at room temperature without 
drying. 
Immunostaining: Immunostaining was performed according to the standard protocol 
described in Pasierbek et al. (Pasierbek et al., 2001) Briefly, preparations were washed 
three times for 5 min in 1xPBS and blocked with 3% BSA in 1xPBS for 30 min at room 
temperature in a humid chamber. The primary antibody was applied and the specimen 
was incubated overnight at 4°C in a humid chamber. Antibodies were diluted in 1xPBS 
containing 3% BSA as follows: 1:100 anti-REC-8, 1:50 anti-RAD-51. After washing 
three times in 1xPBS, 0.1% Tween20 secondary antibodies were applied with following 
dilutions: anti-rabbit Cy3 (1:250), anti-rabbit fluorescein isothiocyanate (FITC) (1:500) 
or anti-rat-FITC (1:500) (all from Molecular Probes, Oregon, USA). After 30 min 
incubation at room temperature, slides were washed and mounted in Vectashield anti-
fading medium (Vector Laboratories, Burlingame, Calif., USA) containing DAPI (2 
µg/nl). 
Fluorescence in situ hybridisation (FISH): Cosmid F56C11 (~42 kb) from near the left 
end of chromosome I (obtained from Alan Coulson, Nematode functional Genomics 
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Group, Sanger Centre) was used as a FISH probe. The cosmid was labelled with 
digoxigenin-11-dUTP using the BioNick Labelling System (Life Technologies, 
Rockville, Md.) according to the instructions of the manufacturer. FISH was performed 
on conventional preparations according to Dernberg et al. with some modifications. 
Briefly, air-dried slides were permeabilized by applying 20 µl of 1 M 
(Sodiumthiocyanate) NaSCN under a cover slip for 4 min at 90°C. The slides were then 
washed three times for 5 min in 2xSSC (20x stock: 3M NaCl, 0.3M Sodium citrate 
(pH7.0) (and the specimens were subjected to RNAse treatment (30 µg per slide) at 37°C 
for 40 min followed by formaldehyde treatment (3.7% in 2xSSC) for 10 min at room 
temperature to stop enzymatic reactions. Slides were washed three times for 5 min in 
2xSSC, dehydrated in an ethanol series (2x 70%, 1x 96%, 2 min each) and air-dried. 
Labelled probe DNA (60 ng) mixed with salmon sperm (20 ng) was vacuum-dried and 
resuspended in 6 µl of formamide (100%) and 6 µl of hybridisation mix (4xSSC, 20% 
dextransulfate). The probe was denaturated at 95°C for 5 min and placed on ice for 1 min. 
After spinning down, it was dropped onto the slide and a coverslip was sealed with 
rubber cement (Fixogum, Marabuwerke GmbH, Tamm, Germany). DNA on slides was 
then denaturated at 80°C for 10 min, and left up to 48 hr at 37°C in a humid chamber to 
hybridise. Coverslip were rinsed off by incubation of slides in 2xSSC containing 50% 
formamide in a copling jar at 42°C. The slides were transferred to 1xSSC, 0.2xSSC, and 
0.1xSSC for 5 min at 42°C. Excess liquid was drained and blocking solution (3% BSA, 
0.1% Tween 20, 4xSSC) was applied for 30 min at 37°C. Digoxigenin-labelled probes 
were detected with rhodamine-conjugated anti-digoxigenin and biotinylated probes with 
FITC-conjugated streptavidin in detection solution (1% BSA, 0.1% Tween 20, 4xSSC) at 
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37°C for 50 min. Finally, slides were washed three times for 5 min in washing solution 
(4xSSC, 0.1% Tween 20) and mounted in Vectashield supplemented with DAPI (2 
µg/ml). 
 Cytological studies were performed with a Zeiss Axioskope epifluoresscence 
microscope. For the quantification of RAD-51 immunofluorescence signals, images were 
taken using a DeltaVision setup (Applied Precision LLC, Issaquah, Wash.). 
Immunostained gonads were serially scanned with a scan depth of 0.2 µm using a 100x 
objective to generate a three-dimensional image. Stacks of images (50-60) were 
deconvoluted with up to 10 interations with the softWoRx software (applied Precision 
LLC, Issaquah, Wash.) and finally projected to generate a single image. To allow a 
comparable quantification of the RAD-51 foci on different immunological samples, we 
mathematically subtracted the background (background intensity was defined as less than 
5% of the maximal intensity of RAD-51 foci) resulting in an image with distinct foci. 
Images were processed using Adobe Photoshop (Adobe Systems, Mountain View, Calif., 
USA) 
 
8.7 Recombination analysis 
 
Recombination frequencies in the hermaphrodite were measured by scoring the number 
of recombinant progeny of a cis-heterozygote under the conditions described by(Rose 
and Baillie, 1979). The recombination frequency p between two genetic markers was 
calculated using the formula p = 1 - (1 - 2R)1/2, where R was the number of visible 
recombinant individuals divided by the total progeny number(Brenner, 1974). Since the 
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double homozygote class was not scored because of its reduced viability, the total 
progeny number was estimated by 4/3 (number of wild types + one recombinant class). In 
some intervals, recovery of only one recombinant class was possible and in these 
instances, R = 2 X (one recombinant class) divided by the total progeny number. The 
95% confidence intervals were estimated using the statistics of (Crow and Gardner, 
1959). 
 
8.8 cdc-7(RNAi ) and rad-5(RNAi) 
 
PCR fragment of the C. elegans cdc-7 (C34G6.5) with flanking T/ primers was amplified 
out of cDNA (home made) using the primer set “CeCDC7-T7s” 5´-
TAATACGACTCACTATAGGGATGTCCATAAAATCGTCACGG and “CeCDC7-
T7a” 5´ TAATACGACTCACTATAGGGTTAGAATGGATCTTGATTCGAC (under-
lined the sequence of T7). The ssRNA was prepared using a Promega kit (Madison, Wis.) 
in vitro transcription kit. The ssRNA was phenol/chloroform purified, incubated for 10 
min at 68°C followed by an incubation at 37°C for 30 min to anneal dRNA. To get very 
concentrated RNA solution, the dRNA was precipitated with ethanol and dissolved in 10 
µl of nuclease free water. dRNA(cdc-7) was delivered by injection (~ 4mg/ml) into 
gonads or intestines of young adults as described in (Fire et al., 1998). The dRNA for 
rad-5/clk-2 was generated in the same way as for cdc-7 using the primer set “RAD5-T7s” 
5´-TAATACGACTCACTATAGGGATGAATTTACGAAGTCGCCTG and “RAD5-
T7as bp1179” 5´-TAATACGACTCACTATAGGGTTGATTAACA-AAAATACCACT. 
20 hrs after injection, animals were put on new plates and the offspring was analyses for 
embryonic lethality and developmental arrest at L1 larval stage. 
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8.9 4D Microscopy 
 
The experiments were performed in the lab of Ralf Schnabel, University of 
Braunschweig, Germany. Wildtype, rad-5(mn159) and clk-2(qm37) animals were 
transferred as young L4´s to 25°C (restrictive temperature). After 24 hrs animals were 
prepared for 4D microscopy as described in (Schnabel et al., 1997) 
 
8.10 Far Western Blot 
 
PCR fragment encoding the full length of C. elegans RAD-5/CLK-2 was cloned in frame 
as a glutathione S-transferase (GST) fusion into pGEX-4T-1 (Amersham, Uppsala, 
Sweden) and C. elegans CDC-7 was cloned as a maltose binding protein (MBP) fusion 
into pMAL-2c (New England BioLabs, Beverly, Mass.). Recombinant GST-RAD-5 
fusion was expressed in E. coli BL21 CodonPlus (Stratagene, La Jolla, Calif.), purified 
under native conditions (lysis buffer: 1xPBS, 5 mM DTT, 20 µg/ml DNAse,1 mg/ml 
lysozyme, and protease-inhibitor mix (Complete,Mini,EDTA-free, ROCHE) by affinity 
chromatography using Glutathione-Sepharose 4B (Amersham, Uppsala, Sweden). The 
GST-RAD-5, bound to the column, was cleaved off enzymatically with Thrombin 
(10U/ml). MBP-CDC-7 was expressed in E. coli BL21 CodonPlus (Stratagene, La Jolla, 
Calif.) Bacterial lysates were separated on a SDS-PAGE and transferred to nitrocellulose 
membrane according to standard techniques. Subsequently, the membrane was incubated 
with basic buffer (BB, 20 mM HEPES-pH7.5, 50 mM KCl, 10 mM MgCl2, 1 mM 
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dithiothreitol and 0.1% NP40) for 10 min at 4°C followed by incubation with blocking 
buffer (BB plus 5% nonfat dry milk) for 4 hrs at 4°C. Recombinant RAD-5 was diluted in 
incubation buffer (BB plus 1% nonfat dry milk) to a final concentration of ~2nM and 
used to probe the membrane for 5 hrs at 4°C. Afterwards, the membrane was washed four 
times with 1xPBS(+0.2% Triton X100) and twice with 1xPBS (0.2% TritonX100, 100 
mM KCl) and final proceeded to Western blot analysis using an polyclonal antiRAD-5 
antibody (generated by Simon Boulton, Clare Hall, South Mimms, UK). 
 
8.11 Yeast two-hybrid interaction 
 
Standard molecular biology techniques were used for all constructs; The S. cerevisiae 
cDNA of cdc-7 was cloned as a GAL4 DNA binding fusion and GAL4 activation domain 
fusion into the EcoRI/PstI sites of pGBDΩC1 (CLONTECH) and NcoI/EcoRI sites of 
pACT2c (CLONTECH), respectively. tel-2 cDNA was cloned into EcoRI/BglII of 
pGBDΩC1 and NcoI/EcoRI of pACT2c; C. elegans cdc-7 into XmaI/ClaI of pGBDΩC1 
and NcoI/XhoI of pACT2c; rad-5/clk-2 into XmaI/PstI of pGBDΩC1 and NcoI/XhoI of 
pACT2c; These constructs (in various combinations, see 7.1.4.2) were transformed in the 
reporter strain PJ69-4A according to the CLONTECH Laboratories yeast protocol 
handbook. Growth of these transformed yeast strains plated on synthetic media lacking 
leucine, tryptophan, and histidine or adenine with 2% glucose as the carbon source 
indicated a positive interaction between given constructs. (list of primer sets: 
S.c. cdc-7: CDC7-BD5: 5´ TCGAATTCATGACAAGCAAAACGAAGAA 
                   CDC7-BD3: 5´ AGACTGCAGCTATTCAGATATTAGGAGAA 
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                   CDC7-AD5: 5´ TGGCCATGGAGATGACAAGCAAAACGAAGAA 
                   CDC7-AD3: 5´ TCGAATTCGCTATTCAGATATTAGGAGAA 
S.c. tel-2: TEL2-AD5: 5´ TGGCCATGGAGATGGTTTTAGAAACGCTGAA 
                   TEL2-AD3: 5´ TCGAATTCGCTAACCTTTATTGAGAGAAA 
                   TEL2-BD5: 5´ CGGAATTCATGGTTTTAGAAACGCTGAA 
                   TEL2-BD3: 5´ GAAGATCTCTAACCTTTATTGAGAGAAA 
cdc-7:  CeCDC7-BD5: 5´ TCCCCCGGGATGTCCATAAAATCGTCACG 
                    CeCDC7-BD3: 5´ CCATCGATTTAGAATGGATCTTGATTCG 
                   CeCDC7-AD5: 5´ TGGCCATGGAGATGTCCATAAAATCGTCACG 
                   CeCDC7-AD3: 5´ CCGCTCGAGGTTAGAATGGATCTTGATTCG 
rad-5:      RAD5-BD5: 5´ TCCCCCGGGATGAATTTACGAAGTGGCCT 
                   RAD5-BD3: 5´ AACTGCAGTTAAACGTCTTGGTGTTGCA 
                   RAD5-AD5: 5´ TGGCCATGGAGATGAATTTACGAAGTCGGCT 
                   RAD5-AD3: 5´ CCGCTCGAGGTTAAACGTCTTGGTGTTGCA) 
 
8.12 Cell cycle profiling 
 
Gonads are prepared like it is described in section 8.6. and propidiumiodide staining 
performed according the protocol in (Feng et al., 1999). Briefly, samples were fixed and 
permeabilised in Methanol for 30 min at –20°C followed by 30 min in acetone, -20°C 
and three times washing with 1x PBS at RT for 5 min. RNA was degraded by RNAse 
treatment (40 µg/ml in 1x PBS) for 2 hr at 37°C, followed by three washing steps (5 min 
with 1x PBS at RT). For the propidiumiodide staining propidiumiodide with a final 
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concentration of 50 µg/ml (dissolved in 1xPBS) was applied to the samples and incubate 
for 2 hr at RT in a humidity chamber. Samples were washed three times with 1x PBS at 
RT and mounted for microscopic analysis as described in 8.6. Microscopy and signal 
quantification was done as described in Feng et al. (Feng et al., 1999). For normalization 
of the DNA content we use the DNA content of the distal tip cell (or the sheet cells) with 
2N and meiotic nuclei with 4N DNA content. 
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